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SUMMARY
An hourly water balance model contain ing the 
C. W. Thornthwaite s o i l  m oisture budget and an em pirical r e la tio n sh ip  
between mid spacing water ta b le  height and t i l e  drain runoff was 
developed and programmed fo r  an IBM }60 /k0  d ig i t a l  computer. One 
h a lf  of the data from an e leven  year f i e l d  study o f t i l e  drainage 
performance on Brookston Clay s o i l  was used to  develop the model.
The other h a lf  o f  the data was used to  check the model. The 
r e la t io n sh ip  used to  p red ict t i l e  runoff ra tes  was found to  be qu ite  
accu rate, and would p red ict the shape of t i l e  runoff hydrographs 
under a varying p r e c ip ita t io n  p attern . The a b i l i t y  to  accu rately  
p red ic t the s o i l  m oisture le v e ls  was the primary lim it in g  fa c to r  
in  the model psrformance. The c o n tin u ity  of tha water balance 
provided inform ation on the ex ten t o f surface ru n off, and h o r izo n ta l 
seepage to  surface d ra in s. These tw o.item s accounted fo r  approxim ately  
one th ird  of the t o t a l  ru n off. The c o n tin u ity  of the ground water and 
drainage portion of the w ater balance provided an in d ica tio n  of the  
seepage p a ttern s, the e f f e c t iv e  hydraulic c o n d u c tiv it ie s  and the  
drainable p o ro sity .
111
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NOTATION
A r eserv o ir  c o e f f ic ie n t  (T)
a constant in  Luthin W orstell equation
Ac f ie ld  ca p a c ity  o f a c c e s s ib le  s o i l  m oisture storage zone (L)
Ar s o i l  m oisture re ten tio n  in  a c c e s s ib le  zone (L)
AE d a ily  a c tu a l evapotranspiration  (L)
B depth of aqu ifer  (L)
b depth of drain a x is  below ground surface (L)
b' depth o f drain a x is  below ponded water surface (L)
c water ta b le  f lu x  fa c to r
D d + m0/z  (L)
d depth of impermeable layer  below drain a x is  (L)
de equiva len t depth of impermeable layer  below drain a x is  (L)
F in f in i t e  s e r ie s  fu n ction
f drainable p orosity
fa average drainable p o ro sity
FG f ie ld  ca p a c ity  (L)
G function  in the Kirkham ponded water equations (L)
Ho h eigh t o f  m id-spacing water ta b le  above impermeable layer  (L)
ho heigh t o f water ta b le  above impermeable layer  a t  drain (L)
h piezom etric head (L)
fi assumed constant mean water ta b le  height (L)
i r a in f a l l  in te n s ity  (I /T )
v i i
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K hydraulic co n d u ctiv ity  (L/T) ,•
1 daylength fa c to r
m h eigh t of m id-spacing water tab le  above drain a x is  (L)
m0 i n i t i a l  value of m (L)
f in a l  value o f m (L)
P d a ily  p r e c ip ita tio n  (L)
PE d a ily  p o te n tia l evapotranspiration  (L)
Q drain discharge per fo o t o f length ( L2/T )
Q1 Q/2 (L2/T )
q (b' -  r)/G  (L)
R drain runoff ra te  (I/T )
r drain radius (L)
S drain spacing (L)
s s lop e o f Thornthwaite re ten tio n  re la tio n sh ip
T( t )  arb itra ry  fu nction  of t  (T)
Tm mean d a ily  temperature
A
Tr tr a n sm iss iv ity  ( L / T )
t  tim e (T)
U incom plete beta function
wT w ater ta b le  h e igh t (L)
X(x) a rb itra ry  function  of x (L)
x h o r izo n ta l d istan ce  co-ord inate (L)
y  h o r izo n ta l d ista n ce  co-ord inate (L)
z v e r t ic a l  d istan ce  co-ord in ate  (L)
<|> p o te n t ia l fu n ction  (L)
<[/ stream fu nction  (L)
v i i i
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CHAPTER I 
INTRODUCTION
The s o i l s  o f E ssex, Kent and Iambton Counties in  
south-w estern Ontario are prim arily  le v e l  c la y  s o i l s  formed under 
lake Warren during recess io n  of the g la c ie r s  of the W isconsin 
g la c ia t io n . Today th ese s o i l s  support in ten siv e  a g r icu ltu ra l  
production, the primary crops being corn and soybeans. Subsurface 
drainage i s  necessary  on th ese  s o i l s  in  order to  lower the water 
ta b le  rap id ly  in  the spring and to  permit the s o i l  to  dry to  
t i l l a b l e  con d ition  and to  warn rapid ly  to  su ita b le  gem in ation  
tem peratures. During the growing season , the root zone must not be 
allow ed to  remain water logged fo r  more than a few hours, or severe  
root damage w i l l  occur. In the f a l l ,  e f f i c ie n t  drainage i s  necessary  
in  order to  f a c i l i t a t e  f i e ld  harvesting  operations.
Subsurface drains are found to  be an e f f e c t iv e  means of 
removing water ponded on the surface in  low areas, and are not an 
obstruction  to  f i e ld  operations as are surface d ra in s.
A subsurface drainage system fo r  th is  area c o n s is ts
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2t y p ic a l ly  o f a s e r ie s  o f p a r a lle l  I*" diam eter t i l e  drains spaced 
about li.O fe e t  apart and in s ta l le d  a t a depth of 26 to  36 inches and 
a slope o f 0 .001 . They may be up to  2000 fe e t  long and drain in to  an 
o u t le t  d itch  or header drain . The s e le c t io n  o f th is  spacing i s  based 
p rim arily  on experience and the depth i s  co n tro lled  by the depth of 
o u t le t s  and the cap acity  o f trenching machines.
Header mains are designed fo r  a drainage rate  o f 3g inch  
per day. T his, as w ith other design c r i t e r ia  i s  based on experience  
and accepted p r a c tic e .
In 1957? a. f i e ld  experiment vras in i t ia t e d  by the Ontario 
A gricu ltu ra l C ollege in order to  c o l le c t  data that would a s s i s t  in  
improving the design  c r i t e r ia  fo r  drainage system s. Ten years o f  
records o f  t i l e  drain d ischarge and r a in f a l l  were c o lle c te d .
The purpose o f th is  study i s  to  develop a mathematical 
model th at would sim ulate the drain discharge hydrographs using  
hourly p r e c ip ita t io n  as in p u t. Such a model could then be used to  
compute discharge hydrographs fo r  a greater number of years than the  
ten  fo r  which drain discharge records were taken using r a in f a l l  records 
a v a ila b le  from other s ta t io n s  in  the area .
The model a ls o ,  could be used to  t e s t  the f e a s i b i l i t y  of 
ir r ig a t io n  on the le v e l  c la y  s o i l s  in  the area . The s o i l  m oisture 
budget would provide the inform ation to  determine the need fo r  
ir r ig a t io n  and the water ta b le  e lev a tio n s  could be used to  determine 
the p ro b a b ility  o f crop damage as a r e s u lt  o f an ir r ig a t io n  schedule  
superimposed on the p r e c ip ita t io n  p attern .
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CHAPTER II  
LITERATURE SURVEY 
The response o f drain discharge to  p r e c ip ita tio n  in vo lves  
a water balance which inclu des in f i l t r a t io n ,  surface run off, in ter flo w , 
evapotranspiration , deep seepage, s o i l  m oisture storage, ground water 
storage, and ground water seepage to  a system o f p a r a lle l  drains.
This chapter reviews and summarizes b r ie f ly  the th e o r e t ic a l,  
laboratory and f i e ld  drainage s tu d ies  and developed evapotranopir& tion  
and water balance models th at provide a b a s is  fo r  the development o f  
th is  model,
2 .1  DRAINAGE STUDIES
The performance o f systems o f  p a r a lle l  t i l e  drains have 
been e x te n s iv e ly  stud ied .' For some problems, mathematical models 
based on theory have been d ev ised  th at are ex a ct. For o th ers, models 
based on approximating assumptions have been proposed. laboratory  
models and f i e ld  s tu d ies  have y ie ld ed  em pirica l r e la t io n sh ip s , and 
have been used to  v e r if y  mathematical m odels.
3
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2 .1 .1 .  THEORETICAL STUDIES
The seepage o f unconfined ground water can be con ven ien tly  
divided in to  steady and unsteady flow  s itu a t io n s .
C. E. Jacob (1) demonstrates th a t the development o f  
fundamental equations from Darcy's lav? leads to  the LaPlace equation,
d 2h +.d 2h -  0
. . . ( 2 . 1 )
fo r  steady con d ition s and the fo llo w in g  non lin e a r  p a r t ia l  d i f f e r e n t ia l  
equation fo r  the unsteady case: 
d 2h + c)2h ~ f  (Mi
S x 2 S y 2 Tr Bt . . . ( 2 . 2 )
In th ese  equations, h i s  piezom etric head, x and y are 
h o r izo n ta l plane co -o rd in a tes , f  and Tr are the aqu ifer  c h a r a c te r is t ic s  
s p e c if ic  y ie ld  or drainable p o ro sity  and tr a n sm iss iv ity  r e sp e c t iv e ly ,  
and t  i s  tim e.
2 .1 .1 .1 .  STEADY STATE SOIDTIONS
Dupuit, who's work i s  reported by van S ch ilfgaard e , e t  a l .  (2)
assumed th a t:
1. Stream l in e s  in  a system o f  g ra v ity  seepage toward 
a shallow  sink  are h o r izo n ta l.
2. The v e lo c i ty  along a stream l in e  i s  proportional to  
the slope o f the fr e e  su rface.
3 . The v e lo c i ty  i s  uniform from top to  bottom of the
seepage depth.
van S ch ilfgaarde (3) pointed out th a t the assumptions o f  
Dupuit, when c o n s is te n t ly  fo llow ed are con trad ictory . In a d d itio n , he
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
pointed out th a t in  the use o f these assumptions to  describe a problem, 
seepage above the water ta b le  and a surface o f seepage are ignored.
N everth eless, the Dupuit theory i s  w idely  used and when 
app lied  to  seepage problems where v e r t ic a l  v e lo c i t ie s  w i l l  be sm all 
compared to  h o r izo n ta l ones, the r e s u lt s  have been found to  agree  
w ith  experim ents. 'Several researchers independently app lied  the  
Dupuit assumptions and D arcy's law to  the problem o f uniform, steady  
r a in f a l l  f a l l in g  on an area drained w ith p a r a lle l  d itch es  penetratin g  
to  a shallow impermeable la y er . The r e s u lt  i s  an equation d escr ib in g  
an e l l ip s e ,  and Hooghout (It) who's work i s  reported by van Schilfgaarde  
e t  a l .  (2 ) developed i t  in  the forms
S -  2K (Ho2 ~ ho2 )/Qx . . . ( 2 . 3 )
where S i s  the drain spacing, K i s  the hydraulic co n d u ctiv ity , i s  
h a lf  o f the t o t a l  discharge o f each drain psr u n it len g th , and ho and 
Ho are as i l lu s t r a t e d  in  Pig, 2 .1 .
In d iscu ss in g  the a p p lica tio n  o f th is  equation, 
van S ch ilfgaarde e t  a l .  (2) pointed  out th at i t  has been used for  
d itch es  th a t are not f u l ly  penetratin g  and a lso  fo r  t i l e  d ra in s. Both 
cases require th at the e f f e c t  o f convergence o f flow  near the drains 
be n eg lec ted . However, the authors suggest th a t s in ce  the b a c k f i l l  
over t i l e  drains i s  o ften  more permeable, the error in  applying  
the equation i s  sm all. The error caused by convergence below the 
drains depends on the depth of the impermeable layer below the drain. 
Hoognout (£ ) as reported by van Schilfgaarde e t  a l .  (2 ) provided a 
ta b le  o f equ ivalen t depths to  co rrect fo r  convergence e f f e c t .  His 
e l l ip s e  equation, w r itten  in  the notation  o f F ig . 2 .2  and including  
h is  equ ivalen t depth i s  as fo llo w s:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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where R i s  the drainage r a te .
For steady s ta te  drainage problems to  which the Dupuit 
assumptions did  not apply, Hooghout developed fu rth er  approximate 
s o lu t io n s . He assumed r a d ia l flow  and used image drains to  so lv e  the  
case o f a deep impermeable la yer  and assumed a combination o f i-ad ial 
and h o r izo n ta l flow  fo r  interm ediate c a se s .
van Sch ilfgaarde e t  a l .  (2 ) report th at a number o f 
researchers in clu d ing  van Beemter (6 ) , Gustafsson (7 ) and Engelund (8) 
used the hodograph method to  so lv e  the la.Place equation fo r  both 
p o te n tia l and stream fu n ction s and derive exact so lu tio n s  to  th e ir  
steady s ta te  problems. The most general ca se , so lved  by van Deorater 
included deep seepage or a r te s ia n  e f f e c t .  He assumed the drain radius 
to  be zero.
Toksoz and Kirkham (9 ) developed from p o te n tia l theory  
the steady s ta te  so lu tio n :
m -  SR 1 F (r /S , d /S )
K 1 -  R
K . . . ( 2 . 5 )
where the fu nction  F i s  evaluated from graphs or ta b le s .
In ad d ition  to  steady s ta te  s itu a t io n s  induced by steady  
r a in f a l l  in f i l t r a t in g  to  a curved water ta b le , there i s  the case  o f  
water ponded on the surface and a f l a t  w ater ta b le . Kirkham (10) 
obtained an exact so lu tio n  to  the ponded water case using the method 
o f images and a complex v a r ia b le . For the case of an impermeable layer  
a t shallow  depth, he obtained the fo llo w in g  equations to  c a lc u la te  the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9p o te n t ia l, stream fu n ctio n , and the flow  per unit,, drain length  
r esp e c tiv e ly :
co
<i> = q In
iv n !. y
n = -  co
cosh n (x -  nS) “ cos 7r z
I ' ~2B 2B
I cosh w (x -  nS) + cos tt zL ‘T b 2B
¥
cosh 7r (x -  nS) + cOvS tt (2b -  z ) 
2B 2B
cosh _J^2L" nS) ~ cos ?r (2b -  g ) 
2ff~ 2B
+ b 1
tan*' sinh n (x ~ nS) 
2B
. . . ( 2 . 6 )
I s in  n z
(  - a .
where
+ tan"-*- ) sinh rr (x ~ nS) s in  tt (2b -  z )
"2B
Q = UrrKq 
q « (b '“ r)/G
. . . ( 2 . 7 )  
. . . ( 2 . 8 )
. . . ( 2 . 9 )
and G = 2 In
tan rr (2b -  r )_ ^
tan n r  
lfB
co
+
n *= 1
cosh tt nS 
2B
cos n r  
2B
cosh n nS 
2B~
cos rr r  
2B
cosh rr nS -  cos rr (2b -  r ) 
2B 2D
cosB n  nB + cos n- (2b r ) 
2B 2B . . . ( 2 . 10)
In th ese  equations, B i s  the depth o f the a q u ifer , b i s  
the depth of the drains and b 1 i s  the depth of the drains p lus th e depth
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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o f ponded w ater.
2 .1 .1 .2 .  SOLUTIONS OF TRANSIENT DRAINAGE PROBLEMS
Since steady s ta te  drainage problems occur in lim ited
regions and the problem o f a water ta b le  f lu c tu a tin g  in response to  
in term itten t r a in f a l l  i s  more common, the la t t e r  has been e x te n s iv e ly
fo r  a system o f eq u a lly  spaced drains over an impermeable boundary, 
based on the Dupuit assumptions a s :
Glover, as reported by Dumm (12) lin ea r iz ed  th is  equation by assuming 
h i s  a constant compared to  h /  t  to  g ive:
Assuming an i n i t i a l l y  f l a t  water ta b le , he obtained the fo llo w in g  
so lu tio n :
. . . ( 2 . 1 3 )
This equation can be approximated w ith le s s  than lj percent error by:
S2 = n 2 KDt 
f in  ljm0
rat  . . . ( 2 . 1 U )
in  which D i s  the i n i t i a l  average depth o f seepage.
Tapp and Moody, as reported by Dumra (13) so lved  equation  
(2 .1 2 ) fo r  an i n i t i a l l y  parabolic water ta b le  and obtained a so lu tio n  
s im ila r  to  equation ( 2 . 13 ) except th at the fa c to r  It in  equation ( 2 . 13 )
stu d ied .
van S ch ilfgaarde (11) g ives the equation o f c o n tin u ity
(2 . 11)
h K a 2 h -  fc th  
d c) t (2 . 12)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
was 3 .7  in th e ir  so lu tio n . This equation represents more n ear ly  the
V
a c tu a l water ta b le  shape a t  the s ta r t  o f  drawdown.
van S ch ilfgaarde (3) poin ted  out th at s in ce  the above 
two so lu tio n s  assume th at h i s  a con stan t, • they are lim ited  to  cases  
in  which h i s  large  r e la t iv e  to  m. However, he fu rth er  pointed out 
th at s in ce  convergence near the drains i s  not taken in to  account, the 1
error due to  convergence inci-eases x?ith an in crease in  h r e la t iv e  
to  ra.
Glover (12) so lved  equation 2 .11  w ithout lin e a r iz a t io n  
fo r  the case o f drains on th e impermeable layer by assuming th a t the  
v a r ia b le s  are separab le, or,
• h ( x , t )  -  X (x)  T ( t )  . . . ( 2 . 1 5 )
His so lu tio n  i s :
S2 = 1 JLA m0 mt
2 f  “o ^ t . . . ( 2 . 1 6 )
van Sch ilfgaard e (Hi ) used a .s im ila r  method to  so lve  
equation 2 .11  fo r  an i n i t i a l l y  parabolic w ater ta b le  and the drains 
above the impermeable layer . His so lu tio n  i s :
K t  = 2 S2 (nip -  m^)
f  9 u2 (mt  + de) (m0 + de) . . . ( 2 . 17 )
p
where u i s  an incom plete beta  function  but u may be approximated 
w ith in  3 percent error by the expression:
1 -  j~de/(da + m0 ) 2
In ad d ition  to the f a l l in g  water ta b le  problem, 
in v e s tig a to r s  have been in ter e sted  in  the more general tra n s ien t water 
ta b le  problem th at inclu d es recharge p a ttern s.
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Werner (15) and Maasland (16) m odified equation 2 .11  by
adding a term P to  the r ig h t hand s id e , represen ting  a recharge r a te .
0 1Werner lin ea r iz ed  the equation by su b s titu tin g  y fo r  i r  and tak ing y^ 
as a constant,
De Zeeuw and H ellinga (17) ap p lied  a varying p r e c ip ita t io n  
pattern  to  the steady s ta te  e l l ip s e  equation and Krayenhoff, as reported  
by van Sch ilfgaarde ( l l )  ap p lied  one to  equation 2 .13 . Since both 
ana lyses were based on the Dupuit assum ptions, the r e su lts  were s im ila r .
Dagan (18) and (19) developed a f a l l in g  water ta b le  
equation fo r  deep iso tro p ic  and an iso trop ic  s o i l s  from p o te n tia l  
theory. His so lu tio n  used a step  recharge input.
2 . 1 . 2 .  EMPIRICAL STUDIES
Bouwer and van Sch ilfgaard e (20) proposed th at a steady  
s ta te  equation could be in tegra ted  w ith  resp ect to  time to  provide a 
tra n sien t drainage equation. Some assumptions were necessary:
1. The w ater tab le  f a l l s  w ithout change in shape, 
and th erefore the flux, per u n it area o f water tab le  i s  uniform between 
the drains.
2. The instantaneous drainage rate  i s  the same as 
the steady s ta te  drainage ra te  fo r  a p a r ticu la r  m id-point water tab le  
h eig h t.
These two assumptions permit the authors to  w r ite :
d m = HR
d t  f  . . . ( 2 . 1 8 )
S in ce , as the authors po in t out, the water ta b le  i n i t i a l l y  f a l l s  more 
rap id ly  near the d ra in s, and la te r ,  more ra p id ly  a t the m id-point,
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the above equation i s  m odified to  include a constant rep resen ting  the 
r a t io  o f the average f lu x  to the f lu x  a t the m id-point. The m odified  
equation i s :
R -  - f  c dm
dt . . . ( 2 . 1 9 )
This equation, the authors suggest, can be in tegrated  over 
a d istan ce  of water tab le  drop fo r  which c i s  a con stan t. Any
1
known r e la t io n sh ip  between su ccessiv e  steady s ta te s  o f m and R can be
used. As two examples, the authors in tegrated  equation 2.U to  y ie ld :
,2K t  ® 2 .3 c S l°g]_o mo (mt  * 2d0 )
f  8 d e mt  (mQ ♦ 2de ) . . . ( 2 . 2 0 )
and equation 2 .5  to  y ie ld :
K t  ® c S In m0 F (r /S , d /S )
f  mt  . . . ( 2 . 2 1 )
van S ch ilfgaarde (11) notes th a t equation 2,21 was a ls o  
derived by Kirkham (21)  usin g  p o te n tia l theory for  a model that- 
included f i c t i t i o u s  f r ic t io n le s s  membranes.
Bouwer and van Schilfgaarde (20) compared the r e s u lt s  of 
in tegra ted  steady s ta te  equations w ith other tra n sien t flow  equations. 
They found q u ite  c lo se  agreement between equations (2 , 20)  and (2 .1?) .
In a d iscu ssio n  of the fa c to r  c ,  the authors report b r ie f ly  
on a number of s tu d ies  th at suggest that c drops rap id ly  to  1 from a 
value o f about 3 fo llo w in g  ponding, and drops below 1 fo r  m/S va lu es  
le s s  than 0 .1 5 . For m/S va lues between 0 .02  and 0 .0 8 , a value o f 0 .8  
fo r  c i s  suggested .
Dylla (22) used the technique o f Bouwer and van S ch ilfgaarde
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to  in teg ra te  the e l l ip s e  equation. He developed a s e t  o f drain spacing  
prime curves fo r  various d ista n ces  from the drains to the impermeable 
layer , van Schilfgaarde a lso  in tegrated  equation (2 .5 )  usin g  the above 
method but applying a fo rc in g  fu n ction  th at represents an impulse.
The so lu tio n  i s :
N
^  r exp(1/A ) -  l l  nP exp F~ (N ~ n + 1)/a"|
n = 1 . . . ( 2 . 2 2 )
where n i s  a s e le c te d  time increment. P i s  a steady p r e c ip ita tio n  < 
rate  fo r  the time increment. A equals fFcS/K and can bo considered to  
be a reserv o ir  c o e f f ic ie n t .
Luthin (23) proposed en em pirica l equation fo r  the 
f a l l in g  water ta b le  based on some observed r e la t io n sh ip s  in f i e ld  and 
model s tu d ie s . These four r e la t io n sh ip s  used were:
1. The ra te  o f flow  in to  a drain i s  d ir e c t ly
proportional to  the h eigh t of the water ta b le  above the t i l e  l in e s .
2. The ra te  o f flow  in to  a drain i s  independent o f
the spacing fo r  equal heigh ts o f the water ta b le  a t  the mid p o in t.
3 . The ra te  of flow  i s  independent o f drain diam eter.
h. The drop o f the water tab le  c lo s e  to  the drains i s
a n e g lig ib le  volume compared, to  the t o t a l  volume between the d ra in s.
The equation, fu rth er  m odified by lu th in  and W crste ll (2h) 
to  conform to  an e l l i p t i c a l  water ta b le  i s :
Kt = S 
fa
In m0 ' 
tru
TT
. . . ( 2 . 2 3 )
where a i s  the slop e of the lin ea r  r e la t io n sh ip  between mid spacing  
water tab le  h eigh t and the rate  of flow , and fa  i s  the average drainable
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2 .1 .3 . STUDIES THAT INC HIDE THE EFFECT OF THE CAPILLARY FRINGE
laboratory models have been constructed  by a number of 
researchers to  study p a r a lle l drain system s. Models using  porous 
m ateria ls and e le c tr ic  analogues have been h e lp fu l in  determ ining the 
con trib u tion  o f the c a p illa r y  fr in g e  to  drainage and a lso  the manner in  
which the s o i l  pores are drained.
lu th in  and W orstell (25) using  a f u l l  sc a le  sand tank , 
sim ulating a twenty fo o t  drain spacing found th at the seepage in  the 
c a p illa r y  zone was s ig n if ic a n t .
Grover and Kirkham (26) reported on a g la ss  bead -  g ly c er o l  
model in  which 2 mrn» diameter beads were trea ted  w ith s i l ic o n e  to  
minimize the c a p illa r y  fr in g e . N everth e less , a fr in ge  th ick ness o f  
0.75  cm. e x is te d  and which compared to  a c a p illa r y  fr in g e  o f 0 .75  fe e t  
in  f i n e  sandy s o i l .  The height to  the surface o f sa tu ration  was 
measured rather than the water ta b le  height in  the r e s u lt s  o f t e s t s .  
Dim ensionless equations were derived from the model data which can be 
used to  so lv e  f i e ld  problems.
Bouwer (27) used an e le c t r ic a l  r e s is ta n c e  network to  study  
flow  above the water ta b le  in  the drainage o f shallow  homogeneous 
s o i l .  He reasoned th at s in ce  the depth of the c a p illa r y  zone added a 
greater c r o s s -se c t io n  fo r  flow  but did not add to  the head producing 
flow , the e f f e c t  o f th is  zone was greater for  shallow  s o i l s  than 
fo r  s o i l s  having a deep impermeable la y er . He suggested th at the e f f e c t  
o f the c a p illa r y  fr in g e  could be taken in to  account by low ering the  
impermeable layer an amount equal, to  the fr in g e  th ick n ess . He pointed
1
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out that the con trib u tion  o f flow  in  the c a p illa r y  fr in g e  when i t  extends
V
in to  the to p s o il  would be m agnified because o f the greater hydraulic  
co n d u ctiv ity  o f  th is  la y e r . With the m id-spacing water tab le  a t  the top  
o f  the su b so il and the c a p illa r y  fr in g e  extending everywhere to  the  
su rface , Bouwer (28) found the e f fe c t  o f the flow  in  the c a p illa r y  
fr in g e  to  be s u f f ic ie n t  to  in crease the drainage c o e f f ic ie n t  from 1.09  to  
1.73 ora. per day fo r  a to p s o i l  f iv e  tim es more permeable than the  
su b so il.
2.1.1*. FIELD STUDIES
F ie ld  s tu d ies  have been ca rr ied  out under many s o i l  and 
c lim a tic  co n d itio n s .
Two stu d ies  on lake bed s o i l s  in  Ohio have been 
e x te n s iv e ly  analysed and reported .
Goins (29) reported a study carried  out on Napanee 
S i l t  Loam near T if f in ,  Ohio, in  which drain depths o f two and th ree  
f e e t  and spacings o f th ir ty  and s ix ty  fe e t  were compared. S ig n if ic a n t  
d ifferen ces  in  t i l e  flow  were found fo r  d if fe r e n t crop s. Drain runoff 
fo r  the deep-narrow arrangement was tw ice the runoff fo r  the shallow - 
wide arrangement. The shallow-narrow and deep-wide arrangements 
resu lted  in  s im ila r  ru n offs. I t  was found th at when s o i l  m oisture was 
rep len ished , t i l e  flow  response to  r a in f a l l  was immediate, and the  
r is in g  limb o f the hydrograph was lin e a r  w ith time except fo r  low or 
v a r ia b le  r a in f a l l .
Goins and Taylor (30) rep orting  on the same study noted  
th a t the shallow  drainage systems were eq u a lly  e f f e c t iv e  in  draining  
the s o i l  rap id ly  fo llow in g  storm s. They a lso  found th a t the hydrograph
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peaks imm ediately fo llo w in g  a period of low s o i l  m oisture were 
apparently a ffe c te d  by a rapid drainage o f water through shrinkage 
cracks.
The authors found an approxim ately lin e a r  r e la t io n sh ip
i
between water ta b le  h eigh t and t i l e  flow  fo r  each arrangement when 
flow  was greater than two cubic f e e t  per fo o t o f drain per day.
The hydraulic co n d u ctiv ity  was estim ated using an e le c tr ic  
analog. Applying boundary con d ition s from f i e ld  data, the estim ated  
c o n d u c tiv it ie s  were approxim ately four tim es those obtained by the  
auger hole method. The average estim ated co n d u ctiv ity  was 0.88 inches 
per hour.
Taylor and Goins (31) reported a study carried  out on 
Toledo S i l t y  Clay Loam near Sandusky, Ohio. The s i t e  was drained  
w ith a system o f p a r a lle l  drains fo r ty  f e e t  apart and th ir ty  inches 
deep. A water tab le  was e sta b lish ed  near the surface on four occasions  
usin g  sp rin k ler  ir r ig a t io n , and the water tab le  recess io n s were 
recorded. Water ta b le  depths measured 6, 1 2 , -and 20 f e s t  from the 
drains d if fe r e d  s ig n if ic a n t ly  for  only two o f tw enty-nine p r o f i le  
measurements, in d ica tin g  th at i t  was e s s e n t ia l ly  f l a t  in th is  region .
The authors suggested th at the tendency o f the b a c k f i l l  to  a c t l ik e  
an open d itch , and the e f f e c t  of deep seepage contributed  to  the 
f la tn e s s  o f  the water ta b le .
In d iscu ssin g  water removal r a te s , the authors could not 
f u l l y  exp la in  the high drainage rate  when the water tab le  was near 
the surface in  tern s o f seepage below the water ta b le .
Schwab e t  a l .  (32) described a f i e ld  experiment a lso  near
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Sandusky, Ohio, and on Toledo S i l t y  Clay s o i l .  This study, in i t ia te d  
in 195? co n sisted  of four r e p lic a te s  of four drainage treatm ents, 
namely, no drainage, surface drainage, surface and t i l e  drainage, and 
t i l e  drainage. The depth and spacing of p a r a lle l  drains v&s 
r e sp e c tiv e ly , th ree fe e t  and fo r ty  f e e t .  Sprinkler ir r ig a t io n  was 
used to  sim ulate r a in f a l l  and r a ise  the water ta b le . Equipment was 
in s ta l le d  to  measure p r e c ip ita t io n , t i l e  flow , surface runoff, water 
ta b le  p r o f ile s  and s o i l  m oisture.
Hoffman and Schwab (33) used equation (2 .1 ? ) and data from 
the above experiment to  compute the e f f e c t iv e  hydraulic co n d u ctiv ity  fo  
various water ta b le  h e ig h ts . In applying th is  equation, an impermeable 
layer was assumed to  e x is t  s ix  f e e t  below the ground su rface, and the 
water tab le  was assumed to  be e s s e n t ia l ly  f l a t .  A method using the 
same equation was ou tlin ed  to  obtain the required drain spacing fo r  a 
d if fe r e n t  rate of water ta b le  draw down. Curves of t i l e  flow  versus  
mid spacing water tab le  h e igh t, t i l e  flow versus time a f te r  stop  o f  
ir r ig a t io n  and mid spacing water tab le  h e ig h t.versu s time were presente
Schwab and. Fouss (3h)  reporting on the above experiment 
noted that the crop grown had a considerable e f fe c t  on t i l e  flow  and 
surface runoff. In th e ir  study, they found th at runoff from corn was 
le s s  for  surface drained p lo ts  than fo r  t i l e  drained p lo ts  whereas
r u n o f f  from  f e s c u e  was a b o u t e q u a l  f o r  th e  two m ethods o f  d r a in a g e .
They a lso  noted th at surface and t i l e  drainage complemented each 
other g iv in g the h ig h est t o t a l  runoff. Hoover and Schwab (35) 
conducted a s t a t i s t i c a l  a n a ly s is  o f s ix te en  years o f records from the 
drainage experiment near T if f in ,  Ohio. Their a n a ly s is  showed th a t
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d a ily -flo w  ra tes  for  corn preceded by oats was higher than corn 
preceded by second year meadow, suggesting  th at the previous years 
crop could a f f e c t  drainage. No s ig n if ic a n t  d ifferen ce  was found between 
the two fo o t and three fo o t depth of d ra in s. However, the seasonal 
runoff was f i f t y  percent greater for  the 30 fo o t than fo r  the 60 fo o t  
spacing.
Tu and Broughton (3 6 ) reported on an experiment in which 
drain depths o f 2 .5 , 3*5 and 1*»5 fe e t  were compared a t  20, 60 and 120 
fo o t spacings on sandy loam and 20, 100 and 200 foo t spacings on c la y  
s o i l .
In comparing draw down times w ith  mathematical theory, 
the authors found th at both the e l l ip s e  equation (equation 2 .3 )  
and G lover’s equation (equation 2 .HO predicted  a narrower spacing than 
a c tu a l. Their p lo tted  water ta b le  p r o f i le s  in d ica te  th at the water  
ta b les  drop w ith  l i t t l e  change in shape. The g rea test change in shape 
being in  the f i r s t  four hours fo llow in g  ponding fo r  a l l  spacings.
Hore and Gray (37) measured some p h ysica l properties of 
Brookston c la y  loam on a s i t e  near Chatham, O ntario. Using the 
piezom eter method, they found hydraulic co n d u ctiv ity  values for  the 
f i r s t  and second fo o t to be 2.1* and I4..3 inches per hour r e sp e c tiv e ly .  
Corresponding va lu es o f non c a p illa r y  p o ro s ity  found were 0 .O89 and 
0 . 067 .
W. R. Johnston e t  a l .  (3 8 ) compared four f a l l in g  water tab le  
equations w ith  f i e ld  data taken on s i l t y  c la y  s o i l  in  the San Joaquin 
V alley , C a lifo rn ia , where t i l e  drain spacings varied  from 18? to  1200 
f e e t .
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They found th at the van Sch ilfgaarde equation (2 .1 7 ) gave 
the b est p red iction  o f  a c tu a l draw down tim es. The Luthin and W orstell 
equation (2 .2 3 ) underestim ated the time except for  the f i r s t  period  
fo llo w in g  ponding, and the in tegrated  Toksoz and Kirkhara equation (2 .2 1 ) ,  
and in tegrated  Hooghoudt equation (2 .2 0 ) overestim ated the draw down 
time by 60 to  70 percent. The authors suggest that water i3  l ik e ly  lo s t  
to  the c a p illa r y  fr in g e  and to  evapotranspiration  when the water ta b le  i s  
near the root zone. This would expla in  an apparent higher draw down 
ra te  a t  high w ater ta b le  s ta g e s .
2 .2  WATER BALANCE MQDEIS
A depth of s o i l  can be considered to  provide two storages  
fo r  w ater, g r a v ita tio n a l and non g r a v ita t io n a l. G ravitational storage  
inclu des ground water below the water ta b le  plus g ra v ita tio n a l water 
in  the c a p illa r y  fr in g e . Non g ra v ita tio n a l storage holds water th at 
w i l l  not drain out by grav ity  and the non g ra v ita tio n a l storage  
ca p a c ity  i s  the f i e ld  ca p a c ity  o f the s o i l .  Drainage s tu d ies  th a t are 
concerned w ith the response of a drainage system to  a continuing  
p r e c ip ita t io n  pattern  must keep an account o f the water stored  in  th ese  
two sto ra g es .
Ayera (39) d iscu sse s  s o i l  m oisture and the problems o f  
accounting for  i t  in  th ese two sto ra g es . He notes th at in  terms o f  
the volume o f w ater stored in  non g r a v ita tio n a l storage, the w ilt in g  
poin t i s  a s a t is fa c to r y  lower lim it  to  th is  storage cap a c ity .
Although some v eg eta tio n  can remove water a t greater ten sion  than the 
f i f t e e n  atmospheres o f ten sio n  a sso c ia ted  w ith  the w ilt in g  p o in t, the 
amount o f water removed i s  n e g lig ib le . On the other hand, he p o in ts
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out th at the f i e ld  ca p a c ity  le v e l  i s  not a c le a r ly  defined d iv is io n  
between g r a v ita tio n a l and non g ra v ita tio n a l w ater. Some water may be 
in  tr a n s it io n  between non g r a v ita tio n a l and g r a v ita tio n a l storage, 
and could a t  a la te r  time or d if fe r e n t  lo c a tio n , rep len ish  depleted  
non g r a v ita tio n a l storage. The amount o f water stored  between the 
w ilt in g  poin t and f i e ld  cap acity  i s  termed "availab le m oistu re" fo r  
p la n ts . However, p lan ts may a lso  use water from tra n sien t storage or 
g ra v ita tio n a l storage and con versely , a l l  "availab le moisture" may 
not be a c c e s s ib le  to  p lan ts due to  lim ited  root development,
Ayers su ggests  th at w ater in  tra n sien t storage a f f e c t s  
in f i l t r a t io n  ra tes and th erefore a ls o  surface detention  and overland 
flow .
2 .2 .1 .  SOIL MOISTURE BUDGETS
I f  the non g ra v ita tio n a l storage i s  assumed to be 
rep len ished before w ater goes to  g ra v ita tio n a l or tr a n s it io n a l storage  
then a budgeting system can be employed to  keep account o f the s o i l  
m oisture in  th is  sto ra g e . In ad d ition  to  p r e c ip ita t io n , the a c tu a l 
evapotranspiration  ra te  must be known.
Penman (1*0) proposed an em pirical method fo r  the 
computation o f evaporation from open w ater. His equations include the 
drying e f f e c t  o f the a ir  and the so la r  energy rece ived . He re la ted  
the a ir  drying e f f e c t  to  d a ily  run o f the wind a t  three meters high 
and the saturated  vapour pressure o f the a ir  a t  mean a ir  temperature 
and mean dew point temperature. The so la r  energy received  was found 
to  be r e la ted  to  the rad ia tio n  th at would be received  in  the absence 
o f an atmosphere; the rad ia tion  lo s t ;  the d a ily  hours o f b r igh t sunshine
#
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and the saturated  vapour pressure o f the a ir  a t  mean dew p o in t.
V
The p o te n tia l evapotranspiration ra te  was found to  be 
rela ted  to  the open water evaporation rate by a fa c to r  th at ranges 
between 0 .6  and 0 .8  depending upon the time o f  year.
Shaw (I4I )  studying evapotranspiration  under corn in  
Iowa found an em pirical r e la tio n sh ip  between a c tu a l evapotranspiration  
and c la s s  "A" pan evaporation th at gave good r e su lts  fo r  the portion of 
the season a f t e r  June 7. Prior to  th is  date he found th a t an accurate 1 
budget could be maintained by assuming a d a ily  evapotranspiration  rate  
of 0 .1  inch .
Thornthwaite and Mather (i|2) provide a method to  compute 
p o ten tia l'ev a p o tra n sp ira tio n  using mean tem peratures, day length and 
geographical lo c a tio n . This r e la t io n sh ip  which they g ive in  tabular  
form can be expressed fo r  a la t itu d e  o f li2° N a s:
PE -  0.0033 1 (Tm -  32) 32 < Tm< 56 . . . ( 2 .2 U )
PE -  0.00!4.23 1 (Tm -  37) 56 < Tm . . . ( 2 . 2 3 )
where PE i s  p o te n tia l evapotranspiration  in  inches per day, 1 i s  a 
day length  fa c to r , and Tm i s  mean d a ily  temperature in °F.
Thornthwaite and Mather a lso  provided a water budgeting  
method th a t re la ted  s o i l  m oisture reten tio n  to  accumulated p o te n tia l  
evapotranspiration . This r e la tio n sh ip , a lso  given in tabular form i s  
i l lu s t r a t e d  in  F ig . 2 .3  in  graphical form. I t  i s  based on an assumed 
logarithm ic reduction in  a c tu a l evapotranspiration  w ith reduced s o i l  
m oisture re ten tio n .
A m odified version  o f equation 2. 2)4 was shown to  be 
capable o f  p red ic tin g  s o i l  m oisture le v e ls  in  a t e s t  ca rr ied  out in
I
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South Western Quebec by Lake (1*3). Like assumed that the a c tu a l 
evapotranspiration  ra te  was equal to  the p o te n t ia l rate  u n t i l  one h a lf  
o f the a v a ila b le  s o i l  m oisture was d ep leted , a t  which p o in t, evapotrans­
p ira tio n  ceased .
The e f f e c t  o f s o i l  m oisture le v e ls  on evapotranspiration  
ra te  i s  d i f f i c u l t  to  determine as pointed  out by Veihmeyer e t  a l .  (1*1*). 
In th e ir  ly sim eter  s tu d ies  they were not ab le to  co rre la te  evapotrans­
p ira tio n  w ith  s o i l  m oisture le v e ls  above the permanent w ilt in g  
percentage.
P isto r  (1*5) compared the p o te n tia l evapotranspiration  
computed by th ree methods a t  Harrow, Ontario. Included were the 
Penman and Thornthwaite methods described above and the Holmes -  
Robertson method which re la ted  p o te n tia l evapotranspiration  to  
evaporation from a black b e lla n i p la te  atmometer. He found a low 
co rr e la tio n  between the computed va lu es o f  d a ily  p o te n tia l evapotrans­
p ira tio n  but a high c o rre la tio n  between the computed monthly v a lu es .
For example, he obtained a c o rre la tio n  c o e f f ic ie n t  o f  .913 fo r  the  
monthly p o te n t ia l evapotranspiration  computed by the Penman and 
Thornthwaite methods.
He app lied  the Thornthwaite d a ily  bookkeeping method and 
computed f iv e  day, ten  day and th ir t y  day a c tu a l evapotranspiration  
w ith the th ree methods. Highest c o rr e la tio n  between computed and 
measured a c tu a l evapotranspiration  was obtained w ith the Thornthwaite 
method.
Wiser and van Schilfgnarde (1*6) used the method described  
by Thornthwaite and Mather in conjunction w ith equation (2 .2 2 ) in
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order to  compute d a ily  water ta b le  heigh ts using  d a ily  p r e c ip ita tio n  
records. P rec ip ita tio n  in ex cess  o f a v a ila b le  s o i l  m oisture storage  
cap acity  was used as input to  equation (2 .2 2 ) .
Vaigneur and Johnson (h7) carried  out a s im ila r  study  
U3ing the water budget o f Shaw (Ul) in p lace o f that o f Thornthwaite 
and Mather.
Taylor and Watts (1|8), using  data from a f i e ld  study in  
the W illam ette V a lley , Oregon, developed a drainage mathematical 
model which included d a ily  evapotranspiration  and computed changes in  
water tab le  height for  time in te r v a ls  o f from one to four hours u sin g  
an em pirical r e la t io n sh ip  which was obtained from measured water tab le  
recess io n  curves.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 4 8 6 9 5
CHAPTER I II  
■ • THE FIELD EXPERIMENT
In 1957* th e A gricu ltu ra l Engineering Department o f the  
Ontario A g ricu ltu ra l C ollege (now the School o f A gricu ltu ra l Engineering  
o f the U n iversity  o f  Guelph), in i t ia t e d  a f i e ld  drainage study on a 
Bx-ookston Clay s o i l  near M erlin, O ntario. The plan o f the s i t e  i s  
shown in F ig . 3 ,1 .  The area contained three inch diam eter t i l e  drains 
a t  a spacing ranging from 60 to  79 f e e t .  The o u t le t  d itch  was such 
th at the water le v e l  in  i t  would seldom r is e  to  the le v e l  o f the  
dx-ain o u t le t s .
The discharge from the f iv e  drains numbering 1 to  5 
was recorded fo r  the fr o s t  free  period fo r  e leven  years from 1957 to  
1967. This was recorded usin g  C asse lla  flow  meters equipped w ith  
proportioning w eirs fo r  which discharge v a r ies  l in e a r ly  w ith  s ta g e .
(see  F ig . 3 .2 )  R a in fa ll a t  the s i t e  was recorded w ith one Bendix 
Friea weighing recorder. The flow  meters were equipped w ith  seven -  
day c lock s and ch a rts , and the ra in  recorder w ith  a tw elve hour ch art. 
However, the rain  recorder chart was normally changed a t two or three
26
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F ig . 3 .2  CASELLA RECORDBIG FLOW METER
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day in te r v a ls . c 29
In 1961, the area drained by drain number 3 was reduced 
by in s ta l l in g  drain A and drain B, T h is, o f course, a ls o  reduced the
area drained by drains 2 and 1*. At the same tim e, equipment was
in s ta l le d  to  record the mid spacing water tab le  h eigh t between drains 
li and 3 and between drains A and 3. These recording w e lls  were 8 
inches in  diam eter and 36 inches deep. The casin gs were surrounded with  
a 2 inch th ick  sand f i l t e r  and a f ib r e g la s s  f i l t e r .  The water le v e l  
was recorded w ith  a f lo a t  a c tiv a te d  recorder having a seven day ch art.
A ty p ic a l drain p r o f ile  i s  shown in  F ig . 3*3 togeth er  
w ith  a p r o f i le  o f the s o i l  horizons.
An a n a ly s is  o f  the s o i l  p r o f i le  and p a r t ic le  s iz e
d is tr ib u tio n  was carried  out by the Department of S o i l  S cien ce, Ontario
A gricu ltu ra l C o llege . The s o i l  was found to  be uniform over the area 
and rep resen ta tive  o f the Brookston Clay as i t  occurs in  Kent and 
Essex co u n ties . The p r o f i le  d escr ip tio n  and p a r t ic le  s iz e  d is tr ib u tio n  
fo r  one o f two lo ca tio n s  stu d ied  on the s i t e ' i s  given in  ta b le  3.1*
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CHAPTER IV
THEORY AND DEVELOPMENT OF THE DRAINAGE MODEL
U . l  f i e l d data s e le c t io n
Of the f iv e  o r ig in a l drains th a t were equipped w ith flow  
m eters, th s area drained by No. 1 and No. 5 remained unchanged fo r  the 
duration of the record period . Mid-span water tab le  readings were take' 
adjacent to  drain No. 5 fo r  the years 1961; to  1967 in c lu s iv e , and 
th erefore  i t  was decided to  model th is  drain .
In order to  v e r ify  the model, i t  was necessary  to  
reserve a portion o f the data to  be used on ly as a check on the f in a l  
computer model. In s e le c t in g  the check data, important c h a r a c te r is t ic s  
were se le c te d  to  be represented in. both model development and check 
data. Table U .l  l i s t s  th ese c h a r a c te r is t ic s  and the s e le c t io n  made.
The t i l e  flow  records fo r  1957 were not a v a ila b le  u n t i l  a f t e r  the 
development period and th erefore  were chosen as check data. The 1958 
data contained no runoff even ts.
-32
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TABES l u l
SEIECTION OF FIELD BATA
C h aracteristic 1957 1959 I 960 1961 1962 1963 196U 1965 1966 1967
Water ta b le  records 
a v a ila b le .
No No No No No No Yes Yes Yes Yes
T ile  runoff r a te s  in  
ex cess  o f  O.OI4. inches 
per hour.
Yes No Yes Yes No Yes No No No No
la te  summer and f a l l  
t i l e  ru n off.
Yes No Yes No No No Yes Yes No No
Dry periods preceding  
runoff even ts.
Yes No Yes Yes Yes No Yes Yes Yes No
M ultip le peak events Yes Yes Yes Yes No Yes Yes No Yes No
Crops tomatoes
com
wheat soybeans 
a l f a l f a  a l f a l f a
soybeans
a l f a l f a
oats
corn
wheat corn 
soybeans oats
soybeans
oats
oats
wheat
wheat
a l f a l f a
Other remarks m issing
data
m issing
data
m issin g
data
<T'
S e le c t io n Check Model Model Check Check Check Model Check Check Model
3ii..
h . 2 THE DRAINAGE MODEL VJATER MIANCE
In order to  s im p lify  the very  complex s o i l  m oisture 
regime, i t  was assumed th at the water balance could be described in  terns  
o f two major reserv o irs  or storage phases. That i s ,  a v a ila b le  s o i l  
m oisture storage and ground w ater storage. Between th ese  two phases 
would e x is t  the unsaturated c a p illa r y  fringe;, and a t  tim es there would 
be water in tra n s ien t storage above the water ta b le . In general, the 1 
a v a ila b le  s o i l  m oisture phase would be balanced by the ad d ition  of 
p r e c ip ita t io n  and subtraction  of evapotranspiration  w ith  the excess  
going to  ground water storage. The lo s se s  from ground water storage  
would include deep seepage, seepage to  other drains, and t i l e  drain  
runoff. L im iting o f in f i l t r a t io n  or the f i l l i n g  to  ca p a c ity  of ground 
water storage would r e s u lt  in  surface run off. F ig. U .l  i l lu s t r a t e s  th is  
general water balance model.
P rec ip ita tio n  jEvapotranspiration
J— ------- — Surface flow
A vailab le s o i l  m oisture 
storage phase
Excess of f i e ld  cap acity
—----->• Surface flow
Ground water storage  
phase
-*» Interflow  
-*=> T ile  flow
Deep seepage 
Fig. U .l  GENERAL WATER BALANCE MODEL
JU.3 THE DEVELOPMENT OF THE RATING CURVE
The steady  s ta te  drainage problem i s  one o f a water ta b le  
in  equilibrium  w ith steady r a in f a l l  and t i l e  runoff. A curve formed by
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a su ccession  of p o in ts  r e la t in g  m id-spacing water ta b le  height to  t i l e
v
runoff ra te  would c o n s t itu te  a ra tin g  curve fo r  a drainage system 
fu n ction in g  in steady  s ta te .
Bouwer and van Sch ilfgaarde (20) have shown th at i f  the 
flu x  i s  uniform between the d ra in s, then a tra n sien t water tab le  can be 
approximated by a s e r ie s  o f steady s ta te  re la tio n sh ip s  between mid­
spacing water ta b le  h eigh t and t i l e  runoff r a te .
The f i e l d  data fo r  the years 196b and 1957 contain  
corresponding readings o f m id-spacing water tab le  h eigh t and t i l e  
runoff r a te . These were p lo tted  as shown in  F ig . 1|.2 and a ra tin g  curve 
was drawn. I t  has a shape q u ite  s im ila r  to  one reported by Hoffman 
and Schwab (32) fo r  a s im ila r  s o i l .
This ra tin g  curve was developed from hydrograph recess io n s  
th at were' not a ffe c te d  by p r e c ip ita t io n . I f  the m id-spacing f lu x  was 
le s s  than the f lu x  near the drains fo r  the portions of the hydrographs 
used, then the curve would include the f lu x  fa c to r  described  by Bouwer 
and van S ch ilfgaard e . I f  th is  were the c a se , the ra tin g  curve would 
over-estim ate stead y  t i l e  flow  a t  high water tab le  l e v e l s .  This problem 
was l e f t  to  be reso lved  by subsequent t e s t s  which f a i l e d  to give evidence  
o f an included f lu x  fa c to r  e f f e c t .
The ra tin g  curve was described by four s tr a ig h t l in e s  
w h ic h  c o u l d  e a s i l y  b e  a d o p te d  t o  a  c o m p u te r  program m e. The c o n c e p t  o f  
a ra tin g  curve described by two lin ea r  r e la t io n sh ip s  between m id-spacing  
water ta b le  h eigh t and t i l e  flow  for  the c u lt iv a te d  zone and the su b so il  
zone was reported by Luthin (23) as suggested to  him by Taylor.
The development data did not include t i l e  runoff ra tes  th at
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w o u ld  v e r i f y  t h e  r a t i n g  c u r v e  i n  t h e  z o n e  a b o v e  0 .0 3  in c h e s  p e r
v
h m r .  The maximum runoff rate was a r b itr a r ily  lim ited  by the dashed
lin e .; SfeQJvri in  F ig . In 2.
h.h A THEORETICAL PHYSICAL MODEL OF THE FIELD DRAINAGE! SYSTEM
In order to  fu rth er  study the ra tin g  curve on a th e o r e t ic a l  
b a s is  and a lso  to  complete the m athematical model o f the drainage system , 
i t  was necessary  to  form ulate a th e o r e t ic a l p h y sica l model th a t could  
be expected to  be very n early  equ ivalen t to  the a c tu a l f i e ld  drainage 
system .
Drain No. 3% s itu a ted  s l ig h t ly  o f f  cen tre of a 72 fo o t
drainage width was approximated by a drain in  the centre o f a 70 fo o t
width in  the th e o r e t ic a l model.
I t  i s  known from hydraulic co n d u ctiv ity  measurements on 
sim ila r  s o i l s  th at the co n d u ctiv ity  decreases w ith  depth. Hore and.
Gray (3?) found th is  to  be so fo r  Brookston c la y  loam as did  Taylor and 
Goins (31) fo r  Toledo s i l t y  c la y  loam. I f  an impermeable la y er  i s  
assumed to  e x is t  ju st  below the zone th at con tr ib u tes s ig n if ic a n t ly  to  
seepage to  the drains, then a hydraulic co n d u ctiv ity  can be assign ed  to  
the zone th a t i s  equ iva len t to  a d im inishing hydraulic co n d u ctiv ity  w ith  
depth and a deeper impermeable la y e r . Hoffman and Schwab (33) assumed an 
impermeable layer  a t  a depth of 6 f e e t  in  th e ir  study. In th is  study,
a n  im perm eab le  l a y e r  w as assum ed a t  a  50 in c h  d e p th .  B ecause  o f  th e
change in  the ra tin g  curve between the su b so il and c u lt iv a te d  zones, i t  
was decided to  consider th ese  as two separate zones in  the th e o r e t ic a l  
model. The th e o r e t ic a l model i s  shown in  Fig. JU.3 .
An attempt was made to compute the drainable p o ro s ity  of
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the two zones usin g  the method ou tlin ed  by Taylor (1+9)- By s e le c t in g
%
an increment o f water ta b le  drop and d iv id in g  the d istan ce  o f the drop 
in to  the depth o f water removed, the drainable p o ro sity  o f th a t  
increment of s o i l  i s  determined. This method was app lied  to  the 
June 1961+ runoff event to  obtain a value o f 0.023 fo r  the su b so il. A 
corresponding value fo r  the c u lt iv a te d  zone could not be obtained  
u sin g  th is  method fo r  the fo llow in g  reasons.
1. Water le v e ls  in  the recording w e ll  would la g  a 
rap id ly  r is in g  or f a l l in g  water ta b le .
2. There were no records o f a water ta b le  h eigh t  
near the top o f the c u lt iv a te d  zone.
3 . The computed drainable p o ro s ity  would be 
in fluenced  by the development o f a c a p illa r y  fr in g e  as the w ater tab le
f e l l  from the su rface.
1+. The average water ta b le  heigh t which was not 
known should be used to  e lim in ate  the error due to non uniform flu x  
between the d ra in s.
5. Although the water tab le  i s  expected to  be 
e s s e n t ia l ly  f l a t  between the dra in s, i t  would not be e n t ir e ly  in  the
c u lt iv a te d  zone except a t  high mid spacing le v e l s .
Another procedure to  estim ate the drainable p o ro sity  of 
t h e  c u l t i v a t e d  z o n e  was a t t e m p t e d .  Some h y d r o g r a p h  p e a k s  w e r e  s e l e c t e d  
fo r  which a water balance could be computed by adding p r e c ip ita t io n  and 
subtractin g  t i l e  runoff. I t  was found th at t i l e  runoff accounted fo r  
approxim ately h a lf  o f the t o t a l  runoff fo r  the peaks s e le c te d . Using 
the ra tin g  curve to  p red ic t the water ta b le  h e igh ts fo r  the June i 960
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even t, the drainable p o r o s it ie s  in d icated  by the r is e  and f a l l  o f the
s
w ater ta b le  were 0,23 and 0 ,115 r e sp e c tiv e ly . Due to  the u n cer ta in tie s  
o f the method i t  was decided that i t  would be necessary to  a rr iv e  a t  
the drainable p o ro s ity  by t r i a l  and error w ith the completed 
Mathematical model, s ta r t in g  w ith a t r i a l  value o f 0 . 12 .
Equation 2.1|, the e l l ip s e  equation was considered to  apply  
to  seepage in  the su b so il cone s in ce  the cone i s  shallow  and w ide. 
S u b stitu tin g  the values o f  lU, 28, 0.002lt and 8I4O fo r  m, de , R and S 
r e sp e c tiv e ly  y ie ld s  a va lu e fo r  K o f 0.0^2 inches per hour. This value  
compares favourably w ith  computed and measured va lu es reported by 
Hoffman and Schwab (33) fo r  Toledo s i l t y  c la y  s o i l .
Assuming th at th is  computed value fo r  the hydraulic  
c o n d u c t iv ity .is  a good estim ate of both the h o r izo n ta l and v e r t ic a l  
c o n d u c t iv it ie s , the maximum p o ss ib le  t i l e  flow  under ponded con d ition s  
can be ca lcu la ted  using equations 2 .8  and 2.9* Since th ese  equations 
y ie ld  a maximum runoff ra te  o f .0025  inches per hour i t  must be concluded  
th at runoff ra tes  ranging up to  0 ,05  inches per hour occur due to  
h o r izo n ta l seepage in  the c u lt iv a te d  zone and v e r t ic a l  seepage near the 
drains in  a zone o f apparent high v e r t ic a l  co n d u ctiv ity .
Taylor and Goins (31) performed ca lcu la tio n s  to  show that 
the c u lt iv a ted  zone could not support a h o r izon ta l seepage ra te  that 
w o u ld  s u b s t a n t i a t e  t h i s  d r a in a g e  m e c h a n ism . H o w ev er , B ouw er ( 2 j )  
demonstrated th at seepage in  the unsaturated zone i s  qu ite s ig n if ic a n t  
and i t  could be reasoned th a t the e f f e c t iv e  depth o f flow  i s  8 in ch es. 
Taking the head producing flow  as 10 inches by adding two inches of 
favourable land e lev a tio n  d iffe re n c e , a length  o f 35 f e e t  and a flow
V
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o f  0 . 0  ^ inches pei’ hour, Darcy's law y ie ld s  a hydraulic co n d u ctiv ity  o f  
110 inches per hour.
The assumption o f a constant depth of flow  i s  c o n s is te n t  
w ith  a lin ea r  ra tin g  curve s in ce  the h o r izo n ta l seepage ra te  v a r ie s  
l in e a r ly  w ith prizoraetric head. 
b .S  TEST OF THE DRAINAGE WATER BALANCE
Since r a in f a l l  data was a v a ila b le  on an hourly b a s is  and 
s in ce  hourly changes in  the t i l e  runoff hydrographs were measurable 
i t  was decided th at the drainage water balance should be computed on an 
hourly  b a s is .
In order to  t e s t  th is  d ec is io n  and t e s t  the p r in c ip le  o f  
the use o f a ra tin g  curve, a s im p lif ie d  computer programme was w r itten . 
Using the computed va lu es fo r  drainable p o ro s ity , the programme made 
hourly w ater ta b le  adjustm ents by adding p r e c ip ita t io n  and sub tractin g  
t i l e  runoff. Constant deep seepage and evapotranspiration ra te s  were 
chosen a r b itr a r ily  and subtracted  on a d a ily  b a s is . The j u s t i f ic a t io n  
fo r  a constant d a ily  evapotranspiration  ra ts  was found in  the work of 
Shaw (h i) .  He found th at a constant ra te  o f  0 .1  inch per day was the 
b est estim ate fo r  bare s o i l  in Iowa in  the months o f A pril and May.
The performance of th is  model on a portion  of the  
development data confirmed th at the p r in c ip le  o f hourly computations
w as s u f f i c i e n t l y  a c c u r a te  a n d  th e  u s e  o f  th e  r a t i n g  c u rv e  w as so u n d .
U.6  THE COMPLETE WATER BALANCE DEVELOPMENT
Since s o i l  m oisture i s  rep len ished  before ad d itio n s to  
ground water occur, the error in  estim ate o f s o i l  m oisture re ten tio n  i s  
added to  the error in  estim ate  o f ground water storage. Errors in  these
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estim ates are s e l f  compensating in tim e, but in  order to a c c u r a te ! /
\
p red ict the f i r s t  peak o f a hydrograph'follow ing a dry period , the s o i l  
m oisture balance i s  o f c r i t i c a l  importance.
E x istin g  water balance models have been reviewed in  
Chapter I I .  A ll o f th ese  require c liro a to lo g ica l data a t the s i t e  th at 
i s  not a v a ila b le  fo r  th is  study. The Thornthwaite method req u ires  
mean d a ily  temperature on ly , and th is  could be estim ated a t the s i t e  
by averaging the mean d a ily  temperatures taken a t  Chatham and Leamington. 
The s i t e  i s  approxim ately h a lf  way between th ese two s ta t io n s  and the 
proxim ity to  lake Erie i s  equal to  the average proxim ity o f the s ta t io n s .
The widespread use o f the Thornthwaite method and the 
favourable comparisons found by P is to r  OiS) suggested th at i t  would 
y ie ld  r e s u lt s  o f comparable accuracy to  any other method.
The Thornthwaite water balance method assumes th at a c tu a l  
evapotranspiration  i s  reduced according to a logarithm ic r e la t io n sh ip  
w ith  reduced m oisture re ten tio n .
In order to  compute the a v a ila b le  m oisture reta in ed , one 
must know the storage ca p a c ity  fo r  a v a ila b le  m oisture that i s  a c c e s s ib le  
to  plant roots  or to the forces o f evaporation.
Webber and T el (3>0) g ive percentages o f a v a ila b le  m oisture 
by depth for  Brookston Clay Loam. These were combined w ith ty p ic a l  
bulk d en sity  measurements as reported by Hore and Gray (3d) to  obtain  
a v a ila b le  m oisture in  in ch es. They are summarized in  ta b le  k . 2.
I t  was decided to  represent th is  a v a ila b le  m oisture  
d is tr ib u tio n  by two zones each hold ing 2 inches of a v a ila b le  m oisture, 
but s in ce  Shaw (i±l) considered rootin g  depths to  5 f e e t ,  a th ird  zone
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hold ing 2 inches o f  a v a ila b le  m oisture was added to represent the 
depth o f the th e o r e t ic a l p h ysica l model.
TABLE U .2
AVAILABLE MOISTURE IN BROOKSTON C IA I LOAM SOIL
Depth
(in ch es)
Bulk d en sity  . A vailab le m oisture 
(%)
A vailable m oisture 
(in ch es)
0 - 6 1.39 19.0 1 .6
6 - 1 2 1.39 13 .0 1 .1
12 -  18 I.I46 7 .0 0 .6
18 -  2U I.I46 6 .0
TOTAL 3 .8
A computer programme was w r itten  that included the
Thornthwaite p o te n t ia l  evapotranspiration  model (equations 2.2k  and 
2 .2 £ ) and the equation d escrib in g  the Thornthwaite m oisture re ten tio n  curve 
fo r  a storage ca p a c ity  o f 2 in ch es. Three zones o f a c c e s s ib le  s o i l  
m oisture storage o f  2 inches a v a ila b le  m oisture each were included in  
the model. The ad d ition  or reduction in  the number o f zones was 
a r b itr a r ily  chosen according to  stage o f crop development.
The te s t in g  of th is  programme on the development data 
y ie ld ed  promising r e su lts  but ind icated  th a t a fu rther refinem ent was 
n ecessary . The evapotranspiration  model overestim ated actu a l 
evapotranspiration  or bare s o i l .  This was not su rp risin g  s in ce  both 
Shaw (l; l)  and P is to r  -(b$) reported d i f f i c u l t i e s  in estim atin g  a c tu a l  
evapotranspiration  during.May.
I t  was necessary  to  fu rth er  reduce the a c c e s s ib le  zone 
during th is  period , but s in ce  there were two f i e ld s ,  each w ith  a 
d if fe r e n t  crop, i t  was deemed necessary to  m aintain a separate water
1
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balance fo r  each f i e l d .  This improvement made i t  p o ss ib le  to  
account fo r  such crop e f f e c t s  as the harvestin g  of grain and hay crops 
in  ea r ly  summer.
A r e la tio n sh ip  was found between the slo p es  o f  the
m oisture reten tio n  curves shown in  F ig . 2 .3 . This equation and the
general equation fo r  the m oisture reten tio n  fam ily  o f curves are
f
as fo llow s?
s = 1 .06 /Aq . . . ( h . l )
AE = Ar2 “ Ar^ . . .  ((4. 2 )
In Ar2 = In Ar-^  -  s(PE) . . . ( U . 3 )
where s i s  the s lop e o f the logarithm ic reten tio n  l in e ,  A i s  thec
m oisture storage ca p a c ity  in  the a c c e s s ib le  zone, PE and AE are 
p o te n t ia l and a c tu a l evapotranspiration  r e sp e c t iv e ly . Ar^ and Ar2 are 
s o i l  m oisture re ten tio n  va lu es in  the a c c e s s ib le  zone before and a f t e r  
su b traction  of AE.
With th ese  equations, i t  was not n ecessary  to  m aintain a 
separate water balance in  separate zones. A water balance was 
m aintained fo r  the a c c e s s ib le  zone and fo r  the to t a l  s o i l  m oisture 
phase. The a c c e s s ib le  zone was adjusted in  increments o f  0 .5  inches 
o f a v a ila b le  m oisture depending on stage o f crop development. 
k .7  MODEL IMPROVEMENTS BASED ON PERFORMANCE
A ll fu rth er  improvements to  the model were based on i t s  
performance in  p red ic tin g  the t i l e  flow hydrographs in  the development 
data. For each c o n s is ten t weakness in  the model performance, 
adjustm ents were proposed. Table It.3 l i s t s  the weaknesses and 
adjustments considered.
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TAB IE U.3
MATHEMATICAL MODEL WEAKNESSES OP PERFORMANCE
Proposed CorrectionsWeakness
1. Over-estim ated t i l e  ru n off.
2. Under-estimated peaks and 
recessio n  curve too f l a t .
3 . Under-estimated peaks fo llow in g  
in ten se  r a in f a l l  on low water 
ta b le .
lu O ver-estim ated second peaks 
o f m u ltip le  peak s to r m s.'
5. Under-estim ated s o i l  m oisture 
reten tio n  in  ea r ly  spring.
6 . Under-estim ated s o i l  m oisture  
reten tion  in  summer.
7. Under-estim ated s lop e  of 
recess io n  in  hot weather.
8 . Under-estim ated peak in warm 
weather.
Increase h o r izo n ta l seepage. 
Increase deep seepage.
Allow c a p illa r y  replenishm ent of 
s o i l  m oisture zone.
Reduce drainable p o ro sity .
Introduce water ta b le  f lu x  
fa c to r .
Decrease deep seepage.
Limit in f i l t r a t io n  cap a c ity . 
Reduce flu x  fa c to r  to  1 .0  or l e s s .
Reduce a c c e s s ib le  s o i l  zone. 
Increase spring f i e ld  cap a c ity . 
Allow c a p illa r y  replenishm ent of 
s o i l  m oisture zone.
Reduce maximum a c c e s s ib le  s o i l  
zone.
Allow c a p illa r y  replenishm ent of 
s o i l  m oisture zone.
Add p r e c ip ita tio n  to  s o i l  before  
su b tractin g  evap otran sp iration . 
Provide seepage to  drains from 
tr a n s ie n t storage.
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I t  i s  ev id en t th at some of the weaknesses are in te r -  
re la ted  and some o f the proposed correctio n s are b e n e f ic ia l  to  more 
than one problem. Proposed correctio n s th a t were not o f c o n s isten t  
b e n e fit  gen era lly  were not implemented.
In order to  p o s i t iv e ly  correct the w eaknesses, i t  was 
necessary to  con sid er  them in  an order so th a t one could be sure 
th at they were being properly id e n t if ie d . They could be id e n t if ie d  
in  the order in  which they appear in the ta b le , and are d iscussed  
below.
O ver-estim ated t i l e  ru n off.
This error i s  is o la te d  from an error in  estim atin g  s o i l
m oisture reten tio n  s in ce  the la t t e r  error could be computed a t the
s ta r t  of an event. I t  was q u ite  c o n s is ten t and th erefore ind icated
«
th at e ith e r  su rface runoff or h orizon ta l seepage was occurring. 
Introducing surface runoff would a f f e c t  the w ater ta b le  peak and t i l e  
runoff peak r a te . Increasing deep seepage would accom plish l i t t l e  
s in ce  the drainage water balance error was occurring over too short a 
time period . A lso, in creasin g  deep seepage would ad verse ly  a f f e c t  
weakness #3- Introducing h o r izo n ta l seepage to  surface drains appeared 
to  be the b est so lu tio n .
I t  has been shown th a t h o r izo n ta l seepage in  the c u lt iv a te d  
z o n e  i s  a s i g n i f i c a n t  p a r t  o f  the f l o w  m ech a n ism  an d  the rate o f  s e e p a g e  
i s  d ir e c t ly  proportional to  the water ta b le  height in  th is  zone. There 
are sm all surface d itch es  perpendicular to  the t i l e  drains a t  an 
u n sp ec ified  but wider spacing. The seepage rate to  th ese  drains would 
be proportional to  the seepage rate  to  the t i l e  d ra in s. A h o rizon ta l
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seepage runoff rate  o f O.ii tim es t i l e  drain ran o ff  ra te  was se le c te d%
and app lied  to  t i l e  runoff a t  a l l  depths.
Evidence o f th is  h o r izo n ta l seepage lo s s  i s  a lso  found 
in  the work o f Hoffman and Schwab (33). They found th at the water 
tab le  dropped more rap id ly  on p lo ts  with surface drainage and the 
increased rate  o f drop extended to  a depth o f 1 .3  f e e t .
An a d d itio n a l correctio n  th a t was applied  and i s  h e lp fu l  
with other w eaknesses, i s  the a llow in g  o f replenishm ent o f the s o i l  
m oisture phase from the c a p illa r y  fr in g e . S tud ies such as th at carr ied  
out by Bouwer (27) g ive evidence th at the d istan ce  above the water 
tab le  fo r  which the c a p illa r y  fr in g e  would have a s ig n if ic a n t  c a p illa r y  
co n d u ctiv ity  would be as much as one fo o t . Assuming, then , th at the  
c a p illa r y  fr in g e  could supply water a t  a rate  equal to  the evapotrans­
p ira tio n  rate to  a height of one fo o t , the mathematical model was 
rev ised  to  permit the replenishm ent of a fr a c tio n  o f the d a ily  p o te n t ia l  
evapotranspiration  approxim ately equal to  the percent o f  the root zone 
depth w ith in  the c a p illa r y  fr in g e .
2• Under-es tim ated peaks, and recess io n  curves  to o f l a t .
These are c le a r ly  the symptoms o f too low a drainable  
p o ro sity , provided th at the f l a t  recession  curve i s  not re la ted  to  
weakness #1, or the under-estim ation o f the peak re la ted  to  an 
under-estim ation o f s o i l  m oisture re ten tio n .
A drainable p o ro sity  o f  .116 fo r  the c u lt iv a te d  zone gave 
the b est r e s u lt s .
3* Under-estimated peaks fo llo w in g  in ten se r a in fa l l  on low water ta b le .
A few events f e l l  in to  th is  category  and were diagnosed
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as the e f f e c t  o f a rapid r is e  o f a f l a t  water tab le  r e su lt in g  in a
V
high , f l a t  water ta b le  which in  turn f e l l  w ith  greater f lu x  near the 
drains than a t mid spacing. A combined water tab le  shape fa c to r  and 
flu x  fa c to r  was devised  such th at i t  had the value o f 1 .1  a t  low water 
tab le  le v e l s ,  a va lu e of approxim ately 0 .5  when a t the top of the 
su b so il zone and increased  in  value upon the r is e  o f the water tab le  
in  the c u lt iv a te d  zone in  proportion to the r is e  in th is  zone. I t  
could achieve a peak value o f approxim ately 1 .5  and returned to  1 .1  in  
approxim ately f iv e  hours of water tab le  r ec e ss io n . I t  functioned as 
a f lu x  fa c to r  only in  the c u lt iv a te d  zone. An example of th is  problem 
and the Improvement w ith the f lu x  fa c to r  i s  shown in  F ig . Jj.. 1;. 
il. O ver-estim ated se cond peaks o f m u ltip le  peak s torms.
This problem was f i r s t  thought to  be r e la ted  to  the non- 
uniform flu x  problem, but could, only ba diagnosed as the e f f e c t  o f  a 
reduced in f i l t r a t io n  cap acity  o f a wet s o i l .  Some improvement was 
obtained by applying an arb itra ry  in f i l t r a t io n  cap acity  o f 0 .15  inches  
per hour fo r  se le c te d  periods o f time as in d ica ted  by r a in f a l l  p a ttern s. 
An example of the e f f e c t  of l im it in g  in f i l t r a t io n  i s  shown in F ig . 1;.5.
5. Under-estimated s o i l  m oisture reten tio n  in  ea rly  sp r in g .
T h is  p rob lem  and th e  r e v i s i o n s  o f  th e  m o d e l t o  p e r m it  a  
re d u ce d  a c c e s s i b l e  s o i l  zon e h a v e  b een  d i s c u s s e d  in  s e c t i o n  U .6 . T h is  
was n o t ,  h o w e v e r , t h e  c o m p le t e  s o l u t i o n .  D u r in g  p e r i o d s  when t h e  
m o is tu r e  r e t e n t i o n  w as m a in ta in e d  a t  a  h ig h  l e v e l  b y  f r e q u e n t  r a in s  th e  
a c c e s s i b l e  zo n e  s i z e  had l i t t l e  e f f e c t  on th e  a c t u a l  e v a p o t r a n s p ir a t io n  
r a t e .  B ased  on th e  d is c o v e r y  b y  Shaw ( U l)  t h a t  th e  f i e l d  c a p a c i t y  o f  
th e  s o i l  in  A p r i l  w as h ig h e r  th a n  in  J u n e , and red u ced  a s  th e  s o i l
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warmed up, the s ta r t in g  va lu es of f i e ld  cap acity  were increased an
%
amount th at ranged from 0 .25  to  0 .75  in ch es, depending on the March 
mean temperature. This increment was perm itted to decrease a t  a 
ra te  proportional to  the d a ily  p o te n tia l evapotranspiration  u n t i l  the 
.base value was reached. The r e su lt  was th at the s o i l  could remain 
c lo se  to  f i e ld  ca p a c ity  fo r  a period w ithout p r e c ip ita tio n  occurring.
6. Under-est imated s o i l  m oisture r e te n tio n in  s i g ner.
The maximum a v a ila b le  s o i l  m oisture was reduced from 6 
inches to  $ to  improve the p red iction  o f summer runoff even ts.
7♦ Under-estim ated s l ope o f r e c e ss i on in  hot weat h er .
There was evidence th at the slop e of hydrograph recess io n  
curves increased  during mid day in hot weather. The replenishm ent of 
s o i l  moisture by the c a p illa r y  fr inge was further j u s t i f i e d .
8. Under-estim ated peak i n warm weather.
The Thornthwaite method o f keeping the m oisture budget 
su b tracts  the d a ily  p o te n tia l evapotranspiration  from the d a ily  
p r e c ip ita t io n  before adding the balance to  the s o i l .  This resu lted  
in  some hydrograph peaks being under-estim ated. To more a ccu ra te ly  
sim ulate the true s itu a t io n , a surface reten tio n  storage was added 
such that the amount reta in ed  on the surface would not exceed the  
d a ily  p o te n tia l evapotransp iration . The maximum reten tio n  ca p a c ity
r a n g e d  from 0 .0 £  t o  0. 15> d e p e n d in g  on t h e  s t a g e  o f  c r o p  d e v e lo p m e n t .
There was evidence in  a few events that t i l e  runoff was 
caused by s e e p a g e  from tra n s ien t storage. No attempt was made to  
account fo r  th is  in  the model.
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U .8  THE FINALIZED MODEL AND COMPUTER PROGRAMME
The c o m p le te  w a te r  b a la n c e  m od el a f t e r  a l l  r e v i s i o n s  w ere  
made i s  a s  shown in  F ig .  U .6 .  The t h r e e  s t o r a g e  p h a s e s  a r e  s u r f a c e  
r e t e n t i o n ,  a v a i l a b l e  s o i l  m o is tu r e  s t o r a g e  and  ground w a te r  s t o r a g e .
The a v a ila b le  s o i l  m oisture phase con ta in s the a c c e s s ib le  zone which 
v a r ie s  w ith the stage o f crop development and for  which a separate  
budget i s  m aintained. This s o i l  m oisture phase may be larger  in  ea r ly  
spring than la te r  in  the year as represented by the a d d itio n a l area  
under the broken l in e  in  F ig. I4. 6 .
The ca p a c ity  o f -the surface reten tio n  phase i s  re la ted  to  
the s ta g s  o f crop development, and i s  assumed not to  exceed the daily- 
p o te n tia l evapotransp iration .
The movement o f .water and the gains and lo s se s  are shown 
on the diagram. The p r e c ip ita t io n  i s  added, f i l l i n g  each zone in  turn.
I f  a l l  of the zones are f i l l e d ,  the excess i s  su rface runoff which, i s  
a lo s s  from the system . The other lo s s e s  are evaporation from surface  
reten tio n j surface runoff o f hourly p r e c ip ita t io n  in  excess o f the 
in f i l t r a t io n  cap acity ; a c tu a l evapotranspiration  lo s s  from the  
a c c e s s ib le  zone; h o r izo n ta l seepage, deep seepage and t i l e  ru n off.
Not shown on the water balance diagram i s  the slow re lea se  
o f water from the s o i l  m oisture storage zone, to  ground water storage  
in  e a r ly  spring.
A flow  diagram of the computer programme is  shown in  
F ig . I1. 7 . The computer programme was w r itten  in  the FORTRAN 17 
language fo r  an IEM 36O/I4.O computer system , and i s  shown in  the appendix, 
togeth er w ith  the notation  used.
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I n i t i a l  water budget va lu es and i n i t i a l  values o f  
programme con stan ts were provided a t the beginning o f a period fo r  
computation, u su a lly  the period from A pril to  October o f one year.
By s e le c t in g  a known s ta r t in g  point such as the beginning o f the f i r s t  
runoff event o f the year, the values o f s o i l  m oisture and ground water 
reten tio n  could be determined. I n i t ia l  values o f f i e l d  ca p a c ity  were 
s e le c te d  as described in  sec tio n  lu7 and the adjustment of the a c c e ss ib le  
s o i l  m oisture was based on a knowledge of the normal p lan tin g  dates  
and m aturity or h arvestin g  dates o f the crops grown.
Input on a d a ily  b a s is  included the d a ily  mean temperature, 
day length fa c to r , and d a ily  p r e c ip ita tio n  fo r  computing PE and P -  PE. 
Indexing was provided fo r  adjustment o f the a c c e s s ib le  zone.
The computations proceed as ou tlin ed  on the flow  chart.
A ll water balance computations are made in  u n its  o f hundredths o f 
in ch es.
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F ig . h '7  COMPUTER PROGRAMS FLOW DIAGRAM
G H D
Read 
i n i t i a l  storage  
va lu es  and con stants.
G> ^Read d a ily  inputT^
Compute d a ily  PE, (P -  PE). 
Adjust f i e ld  ca p a c ity  (sp r in g ).
Subtract d a ily  deep seepage. 
Add excess water from s o i l  
m oisture storage to  ground 
water (ea r ly  sp r in g ). 
Compute water ta b le  h e ig h t. 
Adjust root zone.
Repeat
fo r
each
f i e l d .
Read hourly  
p r e c ip ita t io n .
T ile  flow  not
p o ss ib le ,
(P -  PE) -  ve
Compute d a ily  AE. 
Subtract AE from 
a c c e s s ib le  storage.
R epea t
fo r
each
f ie ld .
T ile  flow
p o ss ib le
T ile  flow  not p o ss ib le . 
(P -  PE) + ve
Repeat
for
e a ch
f i e ld .
Add d a ily  (P -  PE) to  
s o i l  m oisture phase. 
Add excess to  ground 
w ater.
r j
Prin t d a ily  v a lu e s . 
^Stored q u a n tit ie s ,  
P, PE.
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F ig . Iu7 CONTINUED
Repeat for  each
f i e ld
Repeat hourly
Hour f- 12Hour = 12
Print d a ily  and 
hourly va lu es  
P lot hydrograph,
Compute reten tio n  
Subtract re ten tio n  from
Compute fr a c tio n  of  
(P -  PE) supp lied  by 
c a p illa r y  fr in g e .
Compute d a ily  AS.
Compute hourly AE 
and hourly ground 
water lo s s  through 
c a p il la r y  fr in g e .
Subtract hourly AE and hourly  
ground water lo s s  through 
c a p illa r y  fr in g e .
Add hourly P le s s  excess o f  
in f i l t r a t io n  ca p a c ity  in  turn 
to  surface reten tion } s o i l  
m oisture phase} ground water 
u n t i l  s a t i s f ie d .
Subtract t i l e  runoff and
h o r izo n ta l seepage fo r  previous  
hour.
Compute vrater ta b le  h e ig h t.
Compute combined water tab le  
shape fa c to r  and f lu x  fa c to r .
Compute hourly t i l e  ru n off.
Compute accumulated t i l e  runoff.
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CHAPTER V 
RESULTS
R esults o f  th is  study include the p h ysica l p rop erties  
of the s o i l  and f i e ld  drainage system that were computed during the 
development of the model and revealed  by the a n a ly s is  and adjustment 
phase of the model development. These are summarized in Table 5 .1 .
The major resu lt, of th is  study i s  the completed computer 
programme and i t s  performance in  p red ictin g  the t i l e  runoff hydrographs 
fo r  both the model development and check data. The pred icted  water 
balances fo r  a l l  o f the years, are summarized in  F igs. 5 .1  to  5 .10 .
These graphs show the computed a v a ila b le  s o i l  m oisture re ten tio n  and 
water tab le  (WT) depths below the ground surface throughout each 
runoff season. Double l in e s  in d ica te  the separate values fo r  the 
separate f i e ld s .  A h o r izo n ta l l in e  i s  drawn a t  the 22 inch le v e l  through 
the time periods o f a c tu a l t i l e  ru noff. The model p red ic ts  t i l e  runoff 
when mid-span water ta b le  i s  le s s  than 22 inches deep, th erefo re , 
th ese h o r izo n ta l l in e s  show the accuracy o f the model in  p red ictin g  the 
occurrence o f t i l e  ru noff.
57
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TABIE 5 .1
V
SOME INDICATED PHYSICAL PROPERTIES AND CHARACTERISTICS 
OF THE FIELD DRAINAGE SYSTEM
ITEM VALUE REMARKS
Hydraulic Conduc t iv  i t y , 
C ultivated  Zone 
S u b so il Zone
110 in . /h r .  
0.0li2 in . /h r .
Drainable p oro sity , 
C ultivated  Zone 
S u b so il Zone
0.116  
0.023
1
H orizontal seepage to  
surface drains.
O.U tim es t i l e  
runoff ra te .
Uniform ity of water tab le  
f lu x  upon recess io n .
Uniform except 
a f te r  a sharp 
r is e  in to  the 
c u lt iv a te d  zone 
from a low le v e l .
F ie ld  Capacity U sually  higher in  
A pril than in  
period from June 
to  November.
I n f i lt r a t io n  Capacity Reduces to  va lu es  
as low as 0 .15  in . 
per hou r.fo llow ing  
an in ten se  storm.
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These diagrams demonstrate the important ro le  o f the s o i l  
m oisture budget in  the model, and the s e n s it iv e  response o f the water 
ta b le  to  p r e c ip ita tio n  fo llo w in g  replenishm ent o f s o i l  m oisture.
The e f f e c t  o f replenishm ent o f s o i l  m oisture from the 
c a p illa r y  fr in g e  can be seen in a number o f in stan ces where the water 
ta b le  in the zone below the drains recedes a t a ra te  greater than that 
caused by deep seepage.
These graphs show th at the runoff events occurring in  
June and e a r ly  July are the ones most commonly m issed.
P igs. 5 .11  to  $..21 show the predicted and actu a l hydrographs 
fo r  the larger  runoff events together w ith the hourly r a in f a l l ,  i ,  in  
histogram form. Shape agreement i s  good on most of the hydrographs 
con sid erin g  the s e n s i t iv i t y  o f t i l e  runoff rate to  water ta b le  height 
and p o ssib le  errors introduced by v a r ia tio n s  in r a in f a l l  p a ttern s.
Runoff events occurring a f t e r  dry periods such as the 1962 events 
suggest th at some p h ysica l properties such as drainable p o ro s ity  may 
vary s l ig h t ly .  I t  i s  a ls o  p o ss ib le  th a t a dry s o i l  permits h o r izo n ta l  
seepage to  the drains from water in tra n s ien t storage. Errors in  
p red ic tin g  the shape of hydrographs in  ea r ly  spring are p o ss ib ly  due to  
the e f f e c t s  o f fr o s t  zones or m elting snow.
The only event in  which a ponded con d ition  was pred icted  
was t h e  A p r i l  iy 6 l  e v e n t .  The a c t u a l  h y d ro g ra p h  peak  f o r  d r a i n  No. $ 
was not recorded, but a steady peak s im ila r  in  shape to  the pred icted  
hydrograph was recorded fo r  another drain .
The a b i l i t y  o f the model to  p red ict peak runoff ra tes  and 
6 hour, 12 hour, and 2h hour average runoff r a te s  and t o t a l  runoff
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per event was analysed . The predicted  and measured values are given in  
tab le  5 .2 . The event numbers are those used in  the records. An 
unnumbered event r e su lts  from runoff being predicted  th at did not occur. 
In some in stan ces the f i r s t  event o f the year could not be pred icted  
due to the lack o f a s ta r t in g  point to s e t  the s ta r tin g  v a lu es . The 
columns in  th is  ta b le  have been to ta lle d  to in d ica te  p o ss ib le  trends 
in  the errors o f p red ic tio n .
In ad d ition  to the error in computing the water balance, 
and error in  r e la t in g  water tab le  height to  t i l e  flow , the error in  
p red ic tin g  the q u a n tit ie s  include the error in  measurement o f  
p r e c ip ita tio n  and t i l e  runoff ra tes and the error in assuming uniform 
a rea l d is tr ib u tio n  of r a ih fa l l .
The standard d ev ia tion  of the errors in p red ic tio n  were 
computed. These are tabulated  in  Table 5-3 fo r  the model development 
data, check data and combined data. Since the errors did not appear 
to  be re la ted  to the s iz e  of the qu antity  measured, the a c tu a l rather 
than percentage error was used. However, errors in  p red ic tin g  runoff 
tended to be greater fo r  events o f long duration than even ts that were 
shortened because o f a fo llow in g  even t. I t  i s  expected th at the error  
in measurement of runoff fo r  long periods of low runoff ra tes  could be 
much larger  than the error for  short even ts.
Although the v a r ia tio n s  between drains i s  a ffe c te d  by 
other fa c to r s  such as the area drained, and the topography o f the area 
drained, a comparison between drain No,. 1 and No. 5 was made to  give  
an in d ica tio n  of the inherent v a r ia b i l i t y  in the p h ysica l system .
Drain Mo. 1 performance was assumed to  be an estim ate of drain No. 5
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
performance and the standard deviations' o f the errors between these  
two drains were computed and are a lso  given in  ta b le  £.3* The standard 
error in  p red ic tin g  the peak and average runoff ra tes  w ith drain No. 5 
was approxim ately one h a lf  o f the standax'd error using the model. The 
standard errors in  p red ic tin g  the t o t a l  runoff q u a n tit ie s  were very  
s im ila r .
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TAB IE 5 .3
STANDARD DEVIATIONS OF ERRORS IN PREDICTING RUNOFF EVENTS
Years Standard D eviations c f  Errors in :
Peak Runoff 
Rate
Average R u n o ff  Rates 
in ./I O O  hr. T ota l Runoff Per Event 
in./IOOin./IOO hr. 6 -  Hour 12 -  Hour 2li -  Hour
Model
Development
O.696 0.5U2 0.396 0.212 8 .51
Check 0.701 0.613 0.539 0.329 10.19
Combined 0 .700 0.592 0.1*98 0.295- 9.37
1959 -  196? 
Drains 1 and 5
0.385 0.217 0 .190 0.161 9 .k l
A v era g e  o f  
M easured
R u n o ff R a te s  
and  Q u a n t i t ie s  
1957 -  1967
1 .55 1 .29 1.08 0 .76 29.96
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CHAPTER VI 
CONCLUSIONS
1. An hourly water balance model o f a t i l e  drainage 
system can be developed based on an em pirical r e la tio n sh ip  between the 
m id-spacing water ta b le  height and t i l e  flow  and a s o i l  m oisture 
budget.
2. The accuracy of the model which resu lted  from th is  
study depended considerab ly  upon the accuracy of the s o i l  moisture 
budget. When .so il m oisture le v e ls  were accu ra te ly  p red icted , the 
em pirical "rating curve" predicted  the drain runoff r a te s  w ith good 
accuracy.
3 . The use o f a water ta b le  f lu x  fa c to r  improved the 
model performance only s l ig h t ly  and the error caused by assuming a 
constant water ta b le  shape was sm all.
lr. Water in tra n sien t storage plays an important ro le  
in  the water balance. I t  i s  in d icated  in  the apparent higher f i e ld  
cap acity  in  the ea r ly  spring; the replenishm ent of a v a ila b le  m oisture
8 9
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by the c a p illa r y  fr in g e  and the sh ort, s teep  runoff events th at
cannot e n t ir e ly  be explained by normal seepage of water below the water
ta b le .
5. In th is  study, h o r izo n ta l seepage to  other drains 
accounted fo r  approxim ately UO percent of t o t a l  runoff and contributed  
s ig n if ic a n t ly  to the ra te  of water ta b le  drop in  the top fo o t  o f s o i l .
6. The model developed could be used w ith u se fu l accuracy  
to  p red ict the frequency o f water ta b le  h eigh ts fo r  years other than the 
record p eriod .
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APPENDIX 
THE COMPUTER PROGRAMME
1. NOTATION
SYMBOL DESCRIPTION UNITS
AE Actual evapotranspiration  in ./lO O
AVFC F ie ld  cap acity  o f a c c e ss ib le  zone in./lO O
AVST R etention in  a c c e s s ib le  zone in./lO O
C Water tab le  shape fa c to r
Cl T ile  flow  fa c to r  based on water
ta b le  shape
CK S cale  fa c to r  to  compute measured
t i l e  flow
DATE Date
DEF FC -  ST in./lO O
DL Daylength fa c to r  hu/12
F Drain runoff ra te  in ./lO O  hr.
FC F ie ld  Capacity in./lO O
17 F ield  index
IFC Previous value fo r  FC in./lO O
IND A ccessib le  zone index
IP D aily evapotranspiration  from in ./lO O
c a p illa r y  fr in g e
IR Hourly r a in f a l l  in ./lO O
1YR End o f year index . .
J Hour index
K Hour index
K1 Data card index -  measured flow
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SYMBOL DESCRIPTION
K3 Sca.le fa c to r  index
KFL Hourly flow  meter stage
L P lo ttin g  symbol array p o sitio n
LINE P lo ttin g  symbol array
M Temperature array p o s it io n
N F ie ld  index
NEXT Data card index -  hourly r a in fa l l
P D aily  r a in f a l l
PE D aily  p o te n tia l evapotranspiration
PPE P -  PE
Hourly r a in f a l l ,  hours 1 , 3 , 5 . . . .
Hourly r a in f a l l ,  hours 2 ,1 ] .,6 ...,
Hourly r a in f a l l
Surface reten tio n
Slope o f logarithm ic reten tion  
lin e
S o il  m oisture reten tio n
Accumulated drain runoff
Input temperature readings
Mean d a ily  temperature
Water ta b le  h eigh t array
Previous value of WTH
Water ta b le  height
Ground water reten tio n
Fraction o f PPE supplied  
from WTV
PR2
RAIN
RET
SLOPE
ST
SUMFLO
T
TM
WT
WT1
WTH
WTY
WTVET
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UNITS
in ./2 0
in ./1 0 0  
in ./1 0 0  
in./lO O  
in ./lO O  hr. 
in ./lO O  hr. 
in ./lO O  hr. 
in ./lO O
in./lO O
in./lO O
Op
O p
in ./lO O
in./lO O
in./lO O
in./lO O
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APPENDIX 98
THE COMPUTER PROGRAMME
2.  PROGRAMME 
C DRAINAGE MODEL I I I
C DEPT.  OF C I V I L  ENGINEERING UNIVERSITY OF WINDSOR DEC.  1 9 5 8  
C T H I S  I S  MODEL OF DRAIN t?5 EXPERIMENT AE 4 5  SCHOOL OF AGRICULTURAL
C E N G I NEERING UNIVERSITY OF GUELPH__________ ________________________________ __________
C MODEL DEVELOPED AND PROGRAMMED BY N. A. is I  ED 
C
C T H I S  MODEL CONTAINS THE C.W.THORNTHWAITE EVAPOTRANSPIRATION MODEL
C (DAILY BASI S)  WITH MINOR' R E V I S I O N S   .......".......................................................................
C
REAL W T H , F , C , S U M F L O , L I N E , T ‘M, DL,  FT V S T , SLOPE, NTV 
IN TEGER ~R A lT , P , P P E ,  T ,1) E F , D  ATE , FC , 7  VFC, ST ,  A VST,  N , I N D , T  Y~R , I , J  ,
' 1 K , L , M , RET , 1 7 , PR 1 ,  PR 2 , P E ,  AE
DIMENSION F ( 2 4 ,  2) , C  (2) ,LJ.HE ( 2 4 , 6 0 )  ,  WTV (2) , R AIN ( 24)  , T  (4) ,AVFC (2)  ,
................1ST (2)  , AVST (2)  , WTH (2)  , V T ( 2 4 , 2 )  , SUMPLO ( 24 )  , PR 1 ( 2 4 )  , PP2  (24) '  ,  IN.D (2)
1 , K F L  ( 1 2 )  , C 1  (2)
_________ DAT;A_ BL_ANK , D0 T , COMMA/1 H , 1 H. L, 1 H , / _ ____ _______ i ________
3 READ 4 ,  F C , S T (1)  , S T  (2)  , AVFC (1)  , AYFC ( 2 ) ,  A VST (1) , AV.ST (2)  , WTV (1) ,
1 WTV (2)  , SUM FLO ( 2 4 )  , F ( 2 4 , 1 )  , p  ( 2 4 , 2 )  , C  (1) ,C (2)  , K 3
4 FORMAT ( 7 1 5 , 7 F 5 . 0 , 1 1 )  .
 A E = 0...........................
I P ^ O
DATA C1 (1)  , C1  ( 2 ) / 1 . 1 ,  1 .  1 /
5 READ' 6 ,  DATE,  (T (M)”, , 4) , I N F ,  P ,  DL , N EXT", I  YR , I U P  (1)",  IUI) ' (2)  ,  K1
6 FORMAT (1 6 , 4 1 2 , 1 2 , 1 3 ,  F 5 .  0 , 2. X , 2 1 1 ,  3 1 2)
TM = FLOAT (T (1)  +T (2)  +T (3)  +T (4)  ) / 4  . 0
C ’ THORNTHWAITE'  EQUATIONS FOR PS AT LATITUDE 42"  NORTH ~ ........... ......................
I F  ( TM- 5 6 . 0 )  1 1 , 1 1 , 1 2
11 P E = D L * 0 . 3 3 # ( T M - 3 2 . 0 )
GO TO 14 ’ "
12  P E = D L * 0 . 4 2 5 * ( T M - 3 7 . 0 )  ;
14 P P E = P - P E  • ‘
C PC REDUCTION TO 6 0 0  FROM HIGHER SPRING VALUE 
21 I F C = F C
. FC = F C -  PE/ 4 ______________________________ ■______ _ _______________ ___________ __________
I F  ( FC.  LT.  ST (1)  j FC=ST (1)
I P  (FC.  I ,T.  ST (2)  ) FC=ST (2)
I F  ( PC.  LT.  6 0 0 )  FC" 60  0 _
31 DO 4 9 N = 1 , 2 ...... *... ........... ” ......r .................................... “ ■     7  ■'...
AVST(N) = A V S T ( N ) + I F C - F C  
C LOSS OF S O I L  MOISTURE TO WTV WITH EARLY SPRING REDUCTION IN FC 
J F C =  0
I F  ( F C . G T .  6 2 0 )  J F C  = 2 
C SUBTRACT DEEP SEEPAGE
  WTV (N) =WTV (N) - 0 .  3 + J PC    ................. ...... . ~  - ............
I F  (WTV (N) . G T .  0 . 0 )  GO TO 34
__________WTV ( N) = 0 . 0 . ____________ ______________________________________________________ __________
C COMPUTE "WTH FROM WTV AND~DRAINA3LE POROSITY 
34 WTH (N)-WTV (N) *0'. 4 3 5
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I F  (WTH (N) . LR.  4 2 . 0 )  GO TO 41 
WTH (H) = 4 2 . 0 +  (WTV ( N ) - 9 7 )  * 0 . 0 8 7  
I F  (WTH (N) . G T . 5 0 . 0 )  WTH (N) = 5 0 . 0  
C ADJUST ROOT ZONE FOR S T AGE OF CROP________________________________________
4 1  I F  { IKD{N)Y 4 2 ,  4 9 , 4 6
4 2  AVST (N) =FI.OAT {AVST (N) - 5 0 * A V S T  (N) / AVFC (N) ) + 0 . 5
AVFC (N) = AVFC (N) - 5 0 .................._ ....... .......... ....................... ................. .......... ..........
 GO TO 4 9
46  AVST (N) = FLO AT (AVST ( N) ) +FLOAT ( 5 0 *  (ST (N) - AVST (N) ) ) / FLOAT ( F C -
1 AVFC (N) ) + 0 .  5 ___________.___________  ;_________________________________
AVFC (¥)  = AVFC (N) + 5 0
4 9 CONTINUE
N=1
 ”.......  I F  (K 1.  EQ. 0 )  GO "TO "51...........
C BEAD FLOW METER STAGE DATA FOB PLOTTING ACTUAL HYDROGRAPHS
 _READ 5 0 ,  (KFL {J ) , J = 1  , 12)___________________________________ _______________
5 0  FOB EAT ( 1 2 1 3 )  ‘ ~   _ _  ”
5 1 I F  (NEXT.  EQ.  0) GO TO 55  
C READ HOURLY RAINFALL
.................. READ 5 3 ,  (RAIN ( J )  , J = 1 , 2 4 ) ................. .. ........................... ...
5 3  FORMAT ( 2 4 1 3 )
   GO TO 5 8 ______________________________________________ _________________________
C SET HOUR 1 RAINFALL = DAILY P 
5 5  RAIN ( 1 ) =P 
DO 57  J = 2 , 2 4
5 7  BAIN ( J )  - 0
C DETF,RHINE I F  WTH I S  OH COULD BE HIGH ENOUGH FOR T I L E  FLOW 
_________ 1 7 = 0 ____________________  ^ ____ :______________________ ________
5 8  I F  ( WTV (1)  . G T .  5 6 . 0 )  1 7 = 1  
I F  (WTV (2) . GT.  56  . 0) 1 7 = 1
   I F  {WTV ( 1 ) + P P E .  GT.  5 6 .  0.) 17= 1.... ..... ............... .................. ..... ..........................
I F  (WTV (2) + P P E . G T . 5 6 . 0 )  1 7 = 1
I F  {1 7 . EQ. 1) GO TO 7 0 0  
C DETERHINE I F _KOI STURE TO BE ADDED OP SUBTRACTED_____________________
5 9  I F  (PPE)  2 0 0 , 5 0 0 , 3 0 0
C 2 0 0  S E B I E S  COMPUTES,SUBTRACTS AE 
2 0 0  S L O P E = 1 . 0 6 / F L O A T  (AVFC ( N ) )
 I F  (AVST (N) . LE.  0) GO TO 5 0 0
AE=AVST (N) - E X P  (ALOG (FLOAT (AVST (N) ) ) +SLOPE*FLOAT (PPE)  ) + 0 . 5
_________ AVST (N) = AVST ( N) ~AE__________________________________________  ' ________
ST (N) =ST (N) - AE 
GO TO 5 0 0
C 3 0 0  SER I E S  ADDS EXCESS P TO S O I L  AND WTV _  .  ' /  ...... .........
 3 0 0  DE F= FC- ST  (N) .............. " ...............".........   '............. .
I F  ( P P E . G T .  DEF) GO TO 3 20
_________ ST (N) = ST ( N) +PPE_____________________________________ '______________________ __
GO TO 3 2 2  
3 2 0  ST (N) = FC
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321  WTV (H) = WTV (N) +FLOAT ( PPE- DEF )
3 2 2  AVST (H) =AVST (N) + PPE
I F  (AVST (N) . G T .  AVFC (N) ). AVST (N) -  AVFC (N)
_________ GO T O 50  0_________    ;___L_______________________
C 7 0 0  S FI! IBS'  CONTAINS’ YOU PLY" LOOP 
C SURFACE RETENSION I S  FUNCTION OF PLANT COVER,
C DOES NOT EXCEED PPE OS P _ ...._____ .
 " 7 0 0  REi^n- i  AVFC (N) / 5 0  ........... ..................... ........... :............................. ....................
I F  ( R E T . G T .  P) RET=P 
I F  ( R E T . G T . P E )  RET=PE 
P P E= R E T - P E  
K=24
DO 7 9 0  0 = 1 , 2 4
IR i! AIN ( 0 ) .........     _ .......... ............ ’.........   ~ ...........................................................
I F  ( J .  EQ.  12)  GO TO 2 1 0  
GO TO 7 0 8
C ‘FOLLOWING SECTION PERFORMED AT HOUR 12
C COMPUTE FRACTION OF PPE THAT CAN DE REPLACED BY CAPILLARY FRINGE 
2 1 0  HTVET= (WTH (M) - 3 8 .  0 + 0 .  O W I . O A T  (AVFC (N) ) ) /  {0 . 0 4 * FL 0 AT (AVFC ( H) ) )
 I F ( N T V E T .  GT.  1 . 0) V!TVET= 1.  0 ........................................ ...................................................
I F  (WT-VET. LT.  0 .  0) HTVET = 0 - 0
  I P = Q . 5 - B T V E T * P P E___________    '_______ _________________
P P E - P P K + I P
I F  (AVST (N) .  LE.  0) GO TO 7 0 9  
C COMPUTE AE ' 1 _
 SLOPF= 1 . 0 6 / F L O A T  (AVFC (II) )    ~..... " .......................... .................................................................... ......................
AE=AVST (N) - EXP  (ALOG (FLOAT (AVST (N) ) ) +SLOPE*FLOAT (PPE)  ) + 0 .  5 
C S UBTRACT HOURLY AE AND I P___________________________________________ _^___________
7 0 8  I F  (AE.  LE.  0)  GO TO 7 0 9  - ”  V ”
I F  {AE. L T . 3 )  GO TO 7 0 7
AVST ( N)=AVST ( N ) - 2  . ' _
    ST (!') = ST (R) -  2 ............   r..... ....... ....... :     ........ ...................
AE=AE- 2
_________ GO_.TO .709________________________________ ■______________ . ______________________
7 0 7  AVST (N) =AVST ( N ) - 1  
ST (N) =ST (N) - 1
AE=AE- 1  -_____________________________________________ ____ .
7 0 9  I F ( I P . G T . O )  WTV (N) =v, 'TV( : i ) - '1..... ~  7— :   :    ~  ”  *
I P = I P - 1
I F  (RAIN (0)  . L E .  0) GO TO 7 1 5  
C A D-D HOURLY BA IN- TO "RET UNTIL S A T I S F I E D  
BAIN (I) = R A I. N (J) -RET 
I F  (RAIN ( J )  . GT.  0) GO TO 7 1 4 _
RET=IABS (RAIN ( J )  ) ..................... ............... . ..........  ................ ....... ...................
RAIN ( J )  =0
_________ GO T 0 7 1 5 _______________________________ • _______________________________________
7 1 4  RET=0
C ADD BALANCE TO S O I L  STORAGE UNTIL S A T I S F I E D
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7 1 5  DEF=FC-ST(N)
I F  (RAIN (J) .GT. DEF) GO TO 730  
ST (N) =ST(N)+RAIN (J)
 '__ MST (N)_= A VST_(N )_ + P. AIN (J j ________________________________  1
IP  (AVST (N) . GT. AVFC (H) ) AVST (N) = AVFC (N)
GO TO 732
7 3 0  ST (N) FC________ _______ _____ ____________ __________ ___ _______
AVST (N) -AVFC (H)
C ADD BALANCE TO WTV (LESS EXCESS OF INFILTRATION CAPACITY)
  . . IF (INF.  EQ_._0) _ GO T0_  73 1____ ____________________________________
IF  ( INF . GT. J) GO TO 731 
IF (RAIN (J ) -DEF.  LE. 15) GO TO 731  
WTV (N) =RTV (S) +15 
7" GO TO 7 3 2 .................
731 WTV (N) = WTV (N) +FLOAT (RAIN (J) -DEF)
C S UBTRACT FLO W_,_H OR IZ 0 NT AT, SEEP AGE AND CO MPONE NT OF DEEP 
C SEEPAGE THAT" IS  PROPORTIONAL TO~ WTH FROM WTV
732  WTV (N) = WTV (N) - F  (K r N) * 1 . 4  
C IF WTV EXCEEDS CAPACITY TO SOIL SURFACS?BALANCE IS SURFACE RUNOFF
IF (WTV (N) . GT. 190 0  WTV (N) =190  ............
RAIN {J ) = IR
_______ K=J  ; ________  _ _ ____________
wtT=wth( N)
C COMPUTE WTH .
WTH (N) =WTV (N) * 0 .  435
IF (WTH (N) . LE. <4 2.  0) GO TO 741..........~ ....... .
WTH (N) =142.0+ {WTV ( N) - 9 7 )  * 0 .  087
C COMPUTE WATER TABLE SHM3E_F_A_CTOR_________ '____________  ____
741 IF (WTH {N) . G T. 4 2 , 0) GO TO 7<45
IF (WTH (N) .GT. 3 8 . 0 )  ' C (N) =C (N) - 0 .  05
IF (C (N) . L T . 0 . 5 )  C ( H} = 0 . 5 _____________ _______
C (N) --C (N) + 0 . 0 0 2  
IF (C(N) .GT. 1 . 2 )  C(N) = 1 . 2
_______ GO TO 751_____________________ _____ _______________ ________ _ ___
7<45 IF (WTH (N) .LT.  WT1) GO TO 74 9
746  IF (WT1.LT.42 .0 )  GO TO 748
747 C (N) =C (N) - 0 . 2  + 0.  13* (WTH {H)-WT1}__
GO TO 750 ’     "".........
7 48  C (N) =C (N)+0.  13* (WTH (N)- 4 2 .  0)
  - GO TO 75 0_____________ _________________________________________
749  C (N) =C (N) - 0 . 2
7 5 0  I F  (C (N) - G T .  1 .  5 )  C ( N ) = 1 . 5  
■ I F (C (N) .LT.  0 . 5 )  ■ C (N) = 0 . 5
C COMPUTE TILE FLOW FACTOR FROM WATER" TABLE S H A PE’ FACTOR 
C1 (N) =C1 (N) -  (C 1 ( N) - 1 . )  / 4 .
 _______ IF (C1 (N) . LT.C (N) ) Cl (N) = C(N)  ._________________________-__
I F (C1 (N) .LT.  1 . 1) C1(N)=1 . 1"
C COMPUTE FLOW BASED ON RATING CURVE AND TILE FLOW FACTOR
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o
1 0 2
751 IF (WTH (N)- 4 4 . 0 )  7 5 2 , 7 5 4 , 7 5 4
752  IF (WTH ( N) - 4 2 .  0) 7 5 3 , 7 5 5 , 7 5 5
7 5 3  IF (WTH (N)- 2 8 . 0 )  7 5 6 ,  7 5 7 , 7 5 7
75a  F ( J , N) - 0 .  6+ (WTH ( N_Ll_9**_• 0 ) / C1 (K) * 0 . 80______________________________________
i f  ( w W ( N j " : g t . a s T bj  ' f ”:j7k) =aTo+'(wth («> - 4  8 . o) * c i  (N) * 0“ 25
GO TO 761
755 F (J,N) = 0 . 2 5 +  (WTH ( N) - 4 2 . 0 )  * 0 .  17 _
"......'...... GO TO 761.............................'........."............................. ” ....." “ ................... .
756  F (I , N) = 0 . 0
   GO TO _761______ ______________ ___________________________________________________
757  F (J 7 M) = 0.  0178*  (WT H {N) ~ 2 8.  Oj 
C FILL ARRAY FOR PRINTING WTH
761 WT (J,  N) =WTH (N)
 7 9 0  CONTINUE.............. '......        "....."  '
IP = 0
C 500  SERIES DIRECTS CONTROL TO REPEAT CALCS FOR FIELD %2
FILLS ARRAYS" FOR PRINTING" AND PLOTTING
PRINTS HOURLY VALUES,PLOTS KGDEL AND ACTUAL HYDROGRAPHS 
PRINTS DAILY VALUES
500  IF (N . EQ . 2 . AND. 1 7 .EQ.1)  GO TO 5 03      “    ............... ..................
IF ( N . E Q .1 . AND.1 7 . EQ. 1) GO TO 501 
GO TO 502  
'501 N -- 2
GO TO 700
502 IF (N.EQ. 2) GO TO 541 _ ■ '
N“ 2 .............................. ......... "     ............ ...... ........ ......... ............
GO TO 59
503  K=24 
DO 505 0 - 1 , 2 4
SUMFLO (J) =SUMFLO (K) + (F (J,  1) +F ( J , 2 )  ) / 2 .  0
505 K~J
 IF ( F {2 4~,1 j+F~ (2 4 , 2 ) T l¥ /0  12y'~Gd''TO~5a'l  ....... ........... ........... .............
506 DO 507 J= 1 , 2 3 , 2
50 7  PR 1 (J+ 1) = RAIN (0)
508 DO" 509 0=2", 2 4 / 2 “ ' -
509  PR 2 (0) =R AIN (J)
521 DO 522 0 = 1 , 2 4  
DO 522  L= 1,  6 0 ''.....  ........... ...... ............ .....................................
522 LINS (J ,L)  =BI.ANK 
I F (K l . E Q. O )  GO TO 523 -  '
IF (K 3 . GT. 0) GO TO 524  
CK=0. 7  35 
GO TO 525
524 CK"0 . 8  4 5  ~~    ~ ~  ......... ....... ..........
525  DO 526 J= 1 , 1 2
 L=K FL j J) * CK+1.5______ __________________________________________________________
526 LINS(J*2,L)=COHMA
523 DO 532 J = 2 , 2 4 , 2
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L= (P (J ,  1) +F ( 0 , 2 )  ) * 5 . 0 + 1 .  5
532  LINK (J ,L)  =DOT
533 DO 537 0 = 2 , 2 2 , 2
534 PRINT 5 3 6 , P P. 1 (J) ,  PR2JJ) , WT (J . 1) ,WT (J , 2) ,SOMFLO (J) , J , _____________
1 (LINE (J , L) ,L=1 , 60 )
536 FORMAT. (1H , 30X , 2 1 4 , 3 F 6 . 1 , 1 3 , 60A1)
5.37 CONTINUE................................ .................................. ....  ....... .................. ...... ..............................
PRINT 538 , D ATE , A VST r ST , P , PE, P R1 (24) , P R 2 (24) , WT ( 2 4 ,  1) , KT ( 2 4 , 2 )  , 
1SUMFLO (24) , (LINE (24 ,L) ,L=1 , 6 0 )
53 8 FORMAT ( 1H , 1 6 , 8 1 4 , 3 F 6 . 1 , 3 X , 60 A 1)________________________________________
GO TO 545
541 PRINT 5 4 2 , DATE,AVST,ST,P, PE,WTH,SUNFLO(24)
54 2  FORMAT (1H , 16 , 6 1 4 ,  8X , 3 F6. 1)    _.....   _..............
• SOMFLO( 2 4 ) = 0 . 0
545 IF(IYH.GT.O)  GO TO 3
; GO TO 5 ____________ :___________  .________ ;__________________________
“end
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